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Summary 
 
Heat transfer by natural convection inside enclosed spaces with radiation interaction 
is of practical interest in many engineering applications, such as design of buildings for 
thermal comfort, nuclear reactors, solar collectors, and the cooling of electronic 
equipment. In the natural convection studies inside enclosed spaces, mostly two simple 
enclosed spaces are considered; first the square enclosure and secondly the rectangular 
cavity both with heated and cooled walls. 
In this study the effects of natural convection with and without the interaction of 
surface radiation in square and rectangular enclosures has been studied, numerically, 
theoretically and experimentally. The analyses were carried out over a wide range of 
enclosure aspect ratios ranging from 0.0625 to 16, including square enclosures in sizes 
from 40cm to 240cm, with cold wall temperatures ranging from 283 to 373 K, and hot 
to cold temperature ratios ranging from 1.02 to 2.61. The work was carried out using 
four fluids (Argon, Air, Helium and Hydrogen; whose properties vary with 
temperature).  
The numerical model used is explained in detail and validated using previous 
experimental and numerical results and also the author’s experiments. FLUENT 
software was used to carry out the numerical study. In the numerical study, turbulence 
was modelled using the RNG k-ϵ model with a non-uniform grid and using the Discrete 
Transfer Radiation Model (DTRM) for radiation. 2D and 3D numerical calculations 
were performed for square and rectangular enclosures (and for the range of parameters 
mentioned above) to produce the constants of the derived correlation equation and to 
compare them with experimental results. 
A dimensional analysis was established to produce correlation equations controlling 
the flow inside square and rectangular enclosures for pure natural convection and 
natural convection with radiation. This study starts from the partial differential equation 
which explaining the flow inside the cavities. The correlation equations for the new 
dimensionless group, which is the ratio between natural convection to radiation heat 
transfer, were provided for both square and rectangular enclosures. Also the correlation 
equations for the average Nusselt number with and without radiation were provided for 
square and rectangular enclosures. The constants, as a function of temperature ratio, of 
all the derived correlation equations are given along with these equations. These 
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constants are correlated and a polynomial equations for each constant as a function of 
absolute temperature ratio is given. All these equations are valid for a different 
temperature ratio, different enclosure size, different aspect ratio and different fluid 
properties.  
This provides a generalised equation for heat transfer in square and rectangular 
enclosures both with and without radiation. These can be used to calculate Nusselt 
numbers for pure natural convection and natural convection with radiation interaction 
and also to calculate the ratio between convection to radiation heat transfer for both 
square and rectangular enclosures.  
To validate the numerical results, an experimental study was performed for square and 
rectangular enclosures. This was for three aspect ratios 2.0, 1.0 and 0.5. Tests were 
carried out for hot wall temperatures ranging from 50°C to 75°C and for a Rayleigh 
number ranging from 9.6 × 10 ≤ 	
 ≤ 8 × 10. This allows the calculation of total 
heat transfer from the hot and cold walls using six thermocouples in each side. 
Experimental measurements of the velocity and turbulence intensity profiles were 
performed using the laser Doppler velocimtrey for three aspect ratios 2.0, 1.0 and 0.5 
and hot wall temperature ranging from 50°C to 75°C.  
The results of this study are expected to contribute to the literature in this field and 
enhance the understanding of the natural convection with radiation interaction in 
rectangular enclosures. Also this will be a useful technique, as, by using the results it is 
possible to generalise the heat transfer in square and rectangular cavities filled with 
ideal gases. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Introduction 
Heat transfer is a mechanism, which is responsible for energy transfer from one object 
to another when the two objectives have a temperature difference. This heat transfer has 
three modes, conduction, convection and radiation. Conduction heat transfer occurs 
when a stationary medium (a solid or a fluid) has a temperature gradient between its two 
surfaces. Convection heat transfer occurs between a surface and a moving fluid both at 
different temperature [1]. 
 
Convection heat transfer can be divided into two types according to the nature of flow. 
The first is called forced convection when the flow is driven by external agent (pressure 
difference), such as a fan or pump. The second class is called free or natural convection, 
which will be explained in detail in this study. Natural convection flow is generated by 
density difference in different sections of a fluid. This density difference, along with the 
effect of the gravity, causes a buoyancy force which causes the heavier molecules in the 
fluid to move downward and those lighter in the fluid to move upward, producing 
buoyancy driven flow. The density differences in natural convection flows may result 
from a temperature difference or from the differences in the concentration of chemical 
species or from the presence of multiple phases in the fluid. In the present study, only 
natural convection flows caused by a temperature difference are considered.  
 
The natural convection which results from the density difference caused by temperature 
difference can be sub-divided into main categories. The first category when the 
temperature gradient is parallel to the direction of gravity (heated from top or below) 
and the second category is when the temperature gradient is perpendicular to the 
direction of the gravity (heated from side) [1]. Natural convection has an important 
effect in the atmospheric flows and heat transfer processes in nature as well as many 
technical applications. The use of natural convection is preferable in many engineering 
and industrial applications, because of its simplicity and low cost. The main two 
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important geometries considered in natural convection studies are, the first geometry, 
single isothermal vertical plate and the second geometry, is the enclosed cavity with 
heated and cooled walls. The former geometry of natural convection flows is much 
easier for analysis than the enclosed cavities. For the second geometry there are two 
different types of buoyant flow, two vertical differentially heated and cooled walls and 
the two horizontally differentially heated and cooled walls. In a vertical enclosure, 
which is heated from one vertical wall and cooled from another vertical wall, the fluid 
adjacent to the hot wall rises up and the fluid adjacent to the cold wall falls down, 
producing a re-circulating flow motion within the enclosure, as shown in figure 1. This 
flow motion enhances the heat transfer through the enclosure when compared to pure 
conduction through the fluid.  
 
 
 
Figure 1.1 Schematic diagram of the heat transfer inside rectangular enclosure. 
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In a horizontal enclosure, the hot wall can be either at the top or the bottom. When the 
hot wall is at the top of the horizontal enclosure, the hot fluid will be always on the top 
of the cold fluid, this cause no flow motion inside the enclosure, which means no heat 
transfer by convection. In this case the heat transfer will be only by pure conduction. On 
the other hand when the hot wall inside the horizontal enclosure is at the bottom, the hot 
fluid will be at the bottom of the cold fluid, this causes the hot fluid to rise up and the 
cold fluid to fall down. The heat transfer at the beginning of this case is only by pure 
conduction, this continues until the buoyancy force overcomes the viscous force, where 
the natural convection occurs.  
 
The heat transfer inside enclosures depends strongly on the flow regimes. These flow 
regimes depend on the value of the Rayleigh number. The first flow regime is the 
conduction regime where heat is transferred by pure conduction. This regime occurs at 
low Rayleigh numbers and obviously has a Nusselt number equal to unity. The second 
flow regime is the laminar regime, this occurs as the Rayleigh number increases, which 
causes large temperature gradients near the wall indicating the growth of the boundary 
layers on the two vertical surfaces. Further increase of the Rayleigh number led to 
unsteady motion indicating the transition to turbulent regime. 
 
The numerical analysis of natural convection inside enclosures requires the solution of 
the Navier-Stokes equations including the energy equation. The results obtained by 
many researchers for the natural convection inside enclosed cavities are either by 
numerical methods or by experimental methods. These numerical methods have a 
certain advantage over experimental ones; in the flexibility of different geometries and 
boundary conditions.  
 
The natural convection of the internal flow in an enclosed space can be dominated by 
buoyancy forces. The strength of the buoyancy flow can be measured using the 
Rayleigh number, which is the ratio of buoyancy forces to the viscous forces acting on a 
fluid. The value of the Rayleigh number can indicate whether the flow can be 
considered as laminar or turbulent [2]. The Rayleigh number is the product of Grashof 
and Prandtl numbers. It plays the same role in natural convection that the Reynolds 
number plays in forced fluid flow. The combination effects between free and forced 
convection must be considered when the ratio between Grashof and Reynolds numbers 
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mG@K/	nKo ≈ 1. When mG@K/	nKo ≪ 1, the free convection effects may be neglected. 
Conversely, when mG@K/	nKo ≫ 1, the forced convection effects may be neglected [3]. 
The convective heat transfer coefficient (which controls the rate at which heat is 
transported across enclosures) is the most important quantity that needs to be accurately 
predicted inside the enclosures, this coefficient depends on the accurate evaluation of 
the Nusselt number values. The Nusselt number represents the enhancement of heat 
transfer by convection relative to conduction. That means the larger the Nusselt number 
the more effective convection heat transfer. 
 
Most of these past studies were for pure natural convection, while in reality heat 
transfer inside enclosed spaces is through a combination of natural convection and 
radiation. Radiation is the energy emitted by a body in the form of electromagnetic 
waves. The energy transferred by radiation does not require the presence of an 
intervening medium, which would allow for conduction and convection. The most 
studies in radiation heat transfer use thermal radiation, which is the form of radiation 
emitted by bodies because of their temperatures [3]. The thermal surface radiation 
occurs between two or more surfaces at different temperatures, and it becomes 
extremely important if the temperature difference is high, due to the fourth order 
dependence of the radiation, which implies that radiation will dominate at high 
temperature differences. 
However, heat transfer by natural convection inside enclosed spaces with radiation 
interaction is of practical interest in many engineering applications, such as the design 
of buildings for thermal comfort, nuclear reactors, solar collectors, and the cooling of 
electronic equipment. 
The evaluation of the Nusselt number for laminar natural convection in enclosures has 
been extensively investigated by many researchers both numerically and 
experimentally. These studies concentrated on a certain range of some important 
parameters which affect the flow inside the enclosures and thus produced a correlation 
equations to calculate Nusselt number, which controlled by these parameters ranges. In 
reality there are many parameters that affect the heat transfer inside the enclosures 
which need to be investigated simultaneously to get reasonably accurate results. These 
parameters are the enclosure sizes, aspect ratios, wall temperature values and variable 
properties. Studying the effect of these parameters in account with the effect of radiation 
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is expecting to give good results. That means the generality for effecting of these 
parameters on the problem (heat transfer inside enclosures) needs to be investigated. 
Hence, the effect of real conditions on the natural convection with surface radiation 
inside enclosures will be investigated in this work. This study will focus on the 
generality of the problem (for a wide range of parameters), by producing a new 
dimensionless group which defines the relation between heat transfer by convection and 
radiation inside square and rectangular enclosures. It also aims to provide correlation 
equations to calculate the total and convection Nusselt numbers inside the enclosures 
for natural convection with radiation interaction and pure natural convection 
respectively. Finally the study will validate the numerical results and the results using 
the derived correlation equations by comparing them to the produced experimental 
results for different aspect ratios and hot wall temperatures.  
Using the results of this study is expected to give useful information and enhance the 
understanding of the flow inside enclosures, as, by using these results it is possible to 
generalise the heat transfer inside square and rectangular cavities filled with ideal gases. 
 
1.2 Research objectives and aims of this study 
The main objective of this study is to find a general relation between natural convection 
and radiation heat transfer inside enclosures.  This study will be focusing on the 
dimensional analysis of the governing equations by producing a new dimensionless 
group that defines the relation between the natural convection and radiation heat transfer 
inside cavities. The analysis uses the RNG k epsilon model as a turbulent model to find 
out the results inside cavities. To generalize the result the analysis were carried out over 
a wide range of enclosure sizes from 40cm square to 240cm square, aspect ratios for 
rectangular enclosures ranging from 16 to 0.0625, with cold wall temperatures from 283 
to 373 K, and temperature ratios ranging from 1.02 to 2.61. The work was carried out 
using four fluids (Argon, Air, Helium and Hydrogen; with properties varying with 
temperature).  
The aims of the present study to achieve these objectives are: 
I. Choosing the suitable turbulent model for this case, that can predict the heat 
transfer inside enclosures and produce accurate results, by validating the model 
with existing numerical and experimental data available in the literature. 
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II. Identify the boundary conditions that can simulate the flow process inside the 
enclosures to get the most accurate results. 
III. Derive a new dimensionless group by non-dimensionalisation of the governing 
equations. 
IV. Study the pure natural convection and natural convection with radiation 
interaction inside square and rectangular enclosure. 
V. Find out the effect of all realistic conditions (such as aspect ratio, variable 
properties, and absolute temperature ratio and enclosure size) on the natural 
convection flow with and without radiation inside square and rectangular 
enclosure. 
VI. Produce correlation equations to provide the convection and total Nusselt 
numbers in square and rectangular enclosures for the whole range of parameters. 
VII. Experimentally validate the produced correlation equations and the numerical 
results by comparing them within a certain range of parameters. 
 
In order to achieve these aims, the analysis involves using the chosen turbulent 
model with different grid sizes and the suitable conditions to capture all the turbulent 
effects. Also using the experimental results to validate the numerical results by 
comparing the thermal results for different aspect ratios and different hot wall 
temperatures and it also involves comparing the velocity and turbulence intensity 
profiles which collected using the laser Doppler velocimtery. 
Hence, the results of this study are expected to contribute to the literature in this 
field and enhance the understanding of natural convection with radiation interaction in 
rectangular enclosures. 
 
1.3 Outline of this thesis 
In this thesis, the results of a numerical and theoretical study of natural convection heat 
transfer flows with and without radiation inside differentially heated square and 
rectangular enclosures are discussed and described in detail. The analysis was carried 
out over a wide range of enclosure sizes from 40cm square to 240cm square, aspect 
ratios for rectangular enclosures ranging from 16 to 0.0625, with cold wall temperatures 
ranging from 283 to 373 K, and temperature ratios ranging from 1.02 to 2.61. The work 
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was carried out using four fluids (Argon, Air, Helium and Hydrogen; with properties 
varying with temperature). Also in this thesis the results of our experimental study for 
heat transfer inside square and rectangular enclosures are explained in detail. The 
experimental analysis was carried out over a range of hot wall temperatures ranging 
from 50°C to 70°C with 5°C increment and three aspect ratios 2.0, 1.0 and 0.5. The 
thesis is organized in several chapters as follows: 
 
Chapter 1 provides an introduction about natural convection and radiation heat transfer 
and the importance of the study carried out in this thesis and it also includes the 
objectives and aims of this study. 
Chapter 2 discusses the literature review of the natural convection heat transfer with 
and without radiation interaction in square and rectangular enclosures. It also discusses 
the literature review of the used turbulence model, the dimensional analysis and the 
experimental work for such type of flow in enclosures. 
Chapter 3 explains the theoretical background of the natural convection heat transfer 
with and without radiation interaction inside enclosures and also it discusses the 
dimensional analysis. 
Chapter 4provides and explaining the dimensional analysis starting from the governing 
equations for the case of natural convection heat transfer with and without radiation 
interaction inside enclosures. 
Chapter 5discusses and explain the used numerical model and its governing equations 
and boundary conditions. It also discusses the numerical results for both square and 
rectangular enclosures for the two cases of study pure natural convection and natural 
convection with radiation interaction. Also it discusses the 3D numerical results which 
will be used to be compared with the experimental results. 
Chapter 6 explains the experimental results, which include explaining the test 
apparatus, method and results. 
Chapter 7discusses the dimensional analysis with the numerical results which used to 
produce the correlation equations for the natural convection heat transfer with and 
without radiation interaction in square and rectangular enclosures. 
Chapter 8 discusses and compares the final results between the experimental results 
and both the numerical results and the results using the derived correlation equations. 
Chapter 9 summarizes the important findings and the final conclusions from this study 
and the proposed future work.  
8 
 
CHAPTER 2  
LITERATURE REVIEW 
 
2.1 Introduction 
Heat transfer by natural convection inside enclosed spaces with radiation interaction 
is of practical interest in many engineering applications, such as design of buildings for 
thermal comfort, nuclear reactors, solar collectors, and the cooling of electronic 
equipment [4]. In square and rectangular enclosures with natural convection as shown in 
figure2.1, the internal flow is dominated by buoyancy forces. The most important 
dimensionless group in natural convection inside these enclosures is the Rayleigh 
number (which is the ratio of buoyancy forces to viscous forces acting on a fluid,) and is 
analogous to the Reynolds number, but for buoyancy dominated flows. The value of the 
Rayleigh number can indicate whether the flow can be considered as laminar or 
turbulent [5]. Inside square and rectangular enclosures transition from laminar to 
turbulent flow occurs when the Rayleigh number is greater than one million[2, 6].  
 
2.2 Pure natural convection in square and rectangular 
enclosures 
In the pure natural convection studies inside enclosed spaces, mostly two simple 
enclosed spaces are considered; first the square enclosure and secondly the rectangular 
cavity both with heated and cooled walls. The interest in this problem over the last four 
decades has led to many numerical and experimental studies. Elsherbiny et al. [7], 
reported experimentally the laminar natural convection across vertical and inclined air 
layers for different enclosure aspect ratios. They derived correlation equations to 
calculate Nusselt numbers. Davis [8], provided a bench-mark numerical solution for the 
natural convection of air in a square cavity using a mesh refinement for 10 ≤ 	
 ≤10s. He [9], also provided a comparison to confirm the accuracy of the bench mark 
solution in [8] by compared this to 37 other pieces of work. Barletta et al. [10], 
numerically studied the laminar natural convection in a 2-D enclosure. A good 
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agreement between the solutions was found by comparison to the bench-mark 
[8]results. Ramesh and Venkateshan[11], investigated experimentally the natural 
convection in a square enclosure using a differential interferometer and again provided a 
correlation equation to calculate the average convection Nusselt number. Lankhorst et 
al.[12], experimentally studied the buoyancy induced flows in a differentially heated air 
filled square enclosure at high Rayleigh numbers. They found that the core stratification 
has a significant influence on the regimes and the characteristics of the flow. Schmidt et 
al. [13], compared the experimental and predicted results for laminar natural convection 
in a water filled enclosure.  
 
 
 
Figure 2.1Schematic diagram of the considered enclosure 
 
 
Many papers have been published that discuss the turbulent natural convection in the 
absence of radiation in enclosures. Henekes et al. [14], studied numerically the laminar 
and turbulent natural convection flow in a two dimensional square cavity using three 
different turbulence models. They have shown that the k-ϵ model gives too high a 
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prediction, whereas the low Reynolds number models are reasonably close to the 
experiment. Markatos and Pericleous[6], have reported on laminar and turbulent 
buoyancy driven flows and heat transfer in an enclosed cavity. Henkes and 
Hoogendoorn[15], published a numerical reference solution for turbulent natural 
convection in a differentially heated enclosure at 	
 = 5 × 10t, by a comparison of 
the computational results of 10 different groups. These groups studied the turbulent 
natural convection in a square, differentially heated enclosure with adiabatic horizontal 
walls and the detailed results of these ten groups are described in [16]. 
Some researchers have discussed the effect of aspect ratio on the natural convection 
inside enclosures. Patterson and Imberger[17] studied the transient natural convection in 
a cavity of aspect ratios less than one. They provide a scaling analysis of the heat 
transfer inside a rectangular enclosure. Bejan et al. [18] experimentally studied the 
turbulent natural convection in shallow enclosures. Their experimental study focused on 
the flow and temperature patterns in the core region. Bejan[19] explained the pure 
natural convection heat transfer flow regimes in tall, square and shallow enclosures. He 
claims that the relationship between Nusselt number and Rayleigh number in enclosures 
with different aspect ratios is more complicated and cannot be expressed by just a power 
law. 
There has been some research conducted on natural convection, which also included 
the effect of variable fluid properties. Zhong et al. [20], studied the laminar natural 
convection in a square enclosure. They have observed that; with the effect of variable 
properties, when the temperature increases, the addition of this parameter slows down 
the vertical velocities in the hot wall region and increases these velocities in the core but 
at the same time, the total heat transfer rate is seen to increase.  Also, they pointed out 
the necessity of solving realistic physical cases (i.e. by including the thermal radiation 
effects with the variable properties). Fusegi and Hyun [21], reported the effects of 
complex and realistic conditions such as variable properties and three-dimensionality on 
laminar and transitional natural convection in an enclosure. They have thrown light on 
the discrepancies between the numerical prediction and the experimental measurements; 
to the unexplored aspects of realistic flows. Nithyadevi at al. [22], investigated the 
effect of aspect ratio on the natural convection in a rectangular cavity with partially 
active side walls. They found that, the heat transfer rate increases with an increase in the 
aspect ratio. 
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2.3 Correlation equations for pure natural convection on flat 
plates 
2.3.1 Vertical flat plate 
Kato et al.[23], studied the turbulent heat transfer by free convection from a vertical 
plate. They provided a correlation equation to calculate the local Nusselt number as a 
function of Prandtl and Grashof numbers. 
 N%l = 0.149v^c@`t. − 0.55xmG@lot.s                                                                           ^1` 
 
Vliet and Liu[24], experimentally studied the turbulent natural convection boundary 
layers on a flat plate in a water tank. They derived correlation equations that fit their 
experimental data for both the laminar and turbulent regimes.  
 
N%l = 0.61mG@lc@o y                   z{@    	
l < 3 × 10                                                 ^2` 
 N%l = 0.568mG@lc@ot.                  z{@   2 × 10  < 	
l < 1 × 10 s                    ^3` 
 
A correlation equation for the Nusselt number was provided by Churchill and Chu 
[25]Holman [26]claimed to be applicable for a wide ranges of Rayleigh numbers 
 
N%K~~~~~ =

0.825 + 0.387	
K sy1 + m0.492 c@y o sy : y 
           z{@    	
K < 1 × 10              ^4` 
 
For laminar flow, another equation provided by them [25] to obtain slightly better 
accuracy then the previous equation[27] 
 
N%K~~~~~ = 0.68 + 0.67	
K y1 + m0.492 c@y o sy  y
                          z{@         	
K ≤ 10               ^5` 
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Siebers et al [28], studied the effect of variable fluid properties and boundary conditions 
on natural convection heat transfer in air over a large electrically heated vertical plate. 
They derived correlation equations for the local Nusselt number for both laminar and 
turbulent natural convection regimes. 
 
For laminar regime  
N%l = G@l y $$∞ 9t.t                                                                                                       ^6` 
 
Where the value of the constant C in equation 6 is 0.404 for a uniform heat flux plate 
surface and 0.356 for a uniform temperature plate surface. 
 
Furthermore they declared that for the turbulent regime 
N%l = 0.098G@l y $$∞ 9t.                                                                                               ^7` 
 
2.3.2 Parallel flat plates 
For the case of vertical channels many researchers studied the natural convection heat 
transfer between two parallel plates. Elenbass[29], in a bench mark paper provided a 
correlation equation to calculate the Nusselt number for symmetrically heated 
isothermal plates as; 
N%K~~~~~ = 124 	
K  1 − n+ − 35	
K KU
 y                                                                   ^8` 
Where 
	
K = 3^$ − $∞`2                                                                                                              ^9` 
 
Bar-Cohen and Rohsenow[30] obtained Nusselt number correlation equations for both 
isothermal and isoflux conditions. The correlation equations for the symmetric 
isothermal plates and adiabatic isothermal plates respectively are of the form: 
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N%K~~~~~ = 
 576	
K KU −
2.87
	
K KU y 

9 y
                                                                          ^10` 
 
N%K~~~~~ = 
 144	
K KU −
2.87
	
K KU y 

9 y
                                                                          ^11` 
 
2.3.3 Inclined parallel plates 
Azevedo and Sparrow [31] experimentally studied the natural heat transfer between 
inclined symmetric isothermal plates and isothermal insulated plates in water for 0 ≤  ≤ 45°. They provided a correlation equation for the Nusselt number for all the 
experiments to within 10% using this correlation [27] 
 
N%K~~~~~ = 0.645 	
K  y                      z{@           	
K  > 200                                ^12` 
 
2.4 Correlation equations for pure natural convection in 
rectangular enclosures 
The heat transfer by natural convection inside enclosed spaces with radiation interaction 
is of practical interest in many engineering applications, such as design of building for 
thermal comfort, nuclear reactors, solar collectors, and the cooling of electronic 
equipment. The heat transfer inside an enclosed space is a complicated case because the 
fluid conditions inside the enclosure do not stay stationary. In a vertical enclosure, 
which is heated from one vertical wall and cooled from another vertical wall; at very 
low Rayleigh numbers, heat transfer mainly occurs by conduction across the enclosure. 
Then as the Rayleigh number increases, the fluid adjacent to the hot wall rises up and 
the fluid adjacent to the cold wall falls down, producing a rotation in the fluid motion 
within the enclosure as shown in figure 2.2-a for both isothermal lines left of the figure 
and streamlines right of the figure. Due to its momentum, this flow motion enhances the 
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heat transfer through the enclosure. In a horizontal enclosure, the hot wall could be at 
the top or at the bottom. When the hot wall is at the top of the horizontal enclosure, the 
hot fluid will be always on the top of the cold fluid this causes no flow motion inside 
the enclosure that means no heat transfer by convection. For this case the heat transfer 
will be only by pure conduction this can be seen for both isothermal lines and stream 
lines in figure 2.2-b. On the other hand when the hot wall inside the horizontal 
enclosure is at the bottom, the hot fluid will be at the bottom of the cold fluid, this cause 
the hot fluid tend to rise up and the cold fluid to fall down as it can be seen in figure 
2.2-c. The heat transfer at the beginning of this case is only by pure conduction, this is 
continues until the buoyancy force overcomes the viscous force, where the natural 
convection occurs. 
 
2.4.1 Horizontal enclosures 
The natural heat transfer inside horizontal enclosures has been studied and correlation 
equations to calculate Nusselt number inside these enclosures have been provided. For a 
horizontal enclosure filled with air, Jakob[32], provided two correlation equations for 
different Rayleigh numbers in the form N%K = 0.195	
K y                                     z{@         10 ≤ 	
K ≤ 4 × 10                     ^13` 
 N%K = 0.068	
K y                                     z{@         4 × 10 ≤ 	
K ≤ 10                     ^14` 
 
Globe and Dropkin[33] from their experimental results using water, silicon oil and 
mercury in a horizontal enclosure heated from below provided a correlation equation to 
calculate Nusselt number as N%K = 0.069	
K y c@t.t              z{@          3 × 10 ≤ 	
K ≤ 7 × 10                    ^15` 
 
This equation applies only for a horizontal enclosure heated from below and for values 
of L/H sufficiently small [27]. Hollands et al [34], provides a correlation equation to 
calculate Nusselt number based on the experimental results of air in a horizontal 
enclosure, of the form  
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Figure 2.2 Isothermal lines and stream lines for enclosure heated from a) side wall, b) 
top wall and c) bottom wall. This was for ∆$ = 70 
 	
 = 9.2 × 10: 
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N%K = 1 + 1.44 1 − 1708	
K b +  	
K
 y18 − 1¡
b                                                                 ^16` 
 
The notation + indicate that if the quantity in the bracket is negative, it should be set to 
zero. This equation is applied for air in horizontal enclosure and for 	
K <10: 
 / ≥ 12. 
 
2.4.2 Inclined enclosures 
For the case of an inclined rectangular enclosure, De Graaf and Van Der Held [35] 
derived some relationships for the Nusselt number for pure laminar natural convection 
with different angles of inclination. Table 2.1 shows these relationships for Nusselt 
number as a function of Grashof number and for different angle of inclination of 
rectangular enclosure and also given the range of application of each relationship. 
 
Hollands et al [34], provides a correlation equation to calculate Nusselt number based 
on the experimental results of air in the from   
 
N%K = 1 + 1.44 1 − 1708	
K£{¤b ¥1 − 1708^¤¦1.8`.s	
K£{¤ §
+  ^	
K£{¤` y18 − 1¡
b                                                                                ^17` 
 
This equation is applied for 	
K < 10:  ,   0 <  < #° and / ≥ 12 and again the 
notation + indicate that if the quantity in the bracket is negative, it should be set to zero, #is the critical angle which depends on the aspect ratio as shown in table 2.2. Also this 
equation is the same as equation (16, above)when  = 0°. 
 
Catton [36] provided a correlation equation to calculate Nusselt number for small aspect 
ratios: 
N%K = N%K^ = 0°` ¨N%K^ = 90°`N%K^ = 0°` ©
ª ªPXy ^¤¦#`ª ªPXy    z{@      ≤ 120 <   ≤ #¡    ^18`  
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Table 2.1 Relationships of Nusselt number for inclined rectangular enclosure [35] 
Angle of inclination 
 
Nusselt number equation Range of application 
 
 
 20° 
N%K = 1 
 
G@K < 2 × 10 
N%K = 0.0507G@Kt. 
 
2 × 10 < G@K < 3 × 10 
N%K ≈ 3.6    
 
4 × 10 < G@K < 2 × 10 
N%K = 0.0402G@Kt. 
 
2 × 10 < G@K 
 
 30° 
N%K = 1 
 
G@K < 3 × 10 
N%K = 0.0588G@Kt. 
 
3 × 10 < G@K < 5 × 10 
N%K = 0.0390G@Kt. 
 
2 × 10 < G@K 
 
 45° 
N%K = 1 
 
G@K < 4 × 10 
N%K = 0.0503G@Kt. 
 
4 × 10 < G@K < 5 × 10 
N%K = 0.0372G@Kt. 
 
2 × 10 < G@K 
 
 60° 
N%K = 1 
 
G@K < 5 × 10 
N%K = 0.0431G@Kt. 
 
5 × 10 < G@K < 5 × 10 
N%K = 0.0354G@Kt. 
 
2 × 10 < G@K 
 
 70° 
N%K = 1 
 
G@K < 6 × 10 
N%K = 0.0384G@Kt. 
 
10 < G@K < 8 × 10 
N%K = 0.0342G@Kt. 
 
2 × 10 < G@K 
 
Table 2.2 Critical angle for inclined rectangular enclosures[34] ^/` 1 3 6 12 >12 # 25° 53° 60° 67° 70° 
 
Ayyaswamy and Catton [37] and Arnold et al. [38] provided two correlation equations 
beyond the critical tilt angle of [36]to calculate Nusselt numbers for all aspect ratios 
according to the values of the tilt angle. 
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N%K = N%K^ = 90°`^¤¦#` y        z{@    # <   ≤ 90°                                           ^19`  
 N%K = 1 + vN%K^ = 90°` − 1x¤¦                     z{@     90° <   ≤ 180°                  ^20`  
 
Sharma et al. [4], provided a correlation equation to calculate Nusselt number for the 
interaction of turbulent natural convection and surface thermal radiation in inclined 
square enclosures. 
 
N%K = «0.017NVW9t. + 0.021¤¦^` + 0.142¬	
K y 10: ≤ 	
K ≤ 1015° ≤   ≤ 90°4 ≤ NVW ≤ 85   ^21`  
This equation is applied only for inclined square enclosure and with the above 
conditions. 
 
2.4.3 Vertical enclosures 
For the vertical enclosure heated from one side and cooled from the other side, Eckert 
and Carlson [39], studied the natural convection in vertical enclosure with large aspect 
ratio (AR=30). They provided a correlation equation to calculate Nusselt number 
 N%K = 0.119G@Kt.                                                                                                                    ^22` 
This equation is applies for a rectangular cavity filled with air and with an aspect ratio 
of 30 and small values of Grashof number. 
De Graaf and Van Der Held [35] derived the following relationships from their 
experiments for Nusselt number in vertical enclosure for pure laminar natural 
convection 
 N%K = 1                                                    z{@         G@K < 7 × 10 N%K = 0.038G@Kt.                              z{@      1 × 10 < G@K < 8 × 10                      ^23` N%K = 0.032G@Kt.                              z{@          2 × 10 < G@K 
 
MacGregor and Emery [40], studied experimentally the effect of Prandtl number with 
the aspect ratio inside rectangular enclosure. They provided a correlation equation to 
calculate the Nusselt number for a wide range of Prandtl number and aspect ratios 
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N%K = 0.046	
U y                z{@ ­1 × 10
 < 	
K < 1 × 101 <  c@ < 201 <  < 40 ®                                   ^24`  
 
Seki et al. [41], provided experimentally a correlation equation for Nusselt number in 
rectangular enclosure with the effect of aspect ratio and Prandtl number for the laminar 
regime 
 
N%U = 0.36	
Ut.c@t.t  9t.      z{@     ­
1 × 10 < 	
U < 4 × 103 <  c@ < 400005 <  < 47.5 ®         ^25`  
 
They [41], also suggested a correlation equations for Nusselt number in the turbulent 
regime 
 
N%U = 0.084	
Ut.c@t.t      z{@     ­4 × 10
 < 	
U < 4 × 101 <  c@ < 2005 <  < 47.5 ®                        ^26`  
 
N%U = 0.039	
U y                                          z{@     ­	
U > 2 × 10
1 <  c@ < 45 <  < 47 ®                       ^27`  
All these correlation equations are for natural convection in rectangular enclosure with 
aspect ratio greater than 5. 
 
Catton [36], provided two correlation equations to calculate the Nusselt number as  
N%K = 0.18  c@0.2 + c@ 	
Kt.       z{@     
 	
Kc@^0.2 + c@` > 10109 <  c@ < 101 <  < 2 
                                  ^28`  
 
N%K = 0.22  c@0.2 + c@ 	
Kt.:  9 y       z{@     ­
10 < 	
K < 10t c@ < 102 <  < 10 ®                ^29`  
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Cowan et al. [42], experimentally studied the turbulent natural convection in vertical 
cavities filled with water. They provided a correlation equation from the resulting data 
to calculate Nusselt number  
 
N%K = 0.043	
K y       z{@     2 × 10 < 	
K < 2 × 101.5 <  < 60.8                                        ^30`  
 
This correlation is quite similar to that of MacGregor’s correlation[43]. 
Ziai[44], carried out an experimental study of turbulent natural convection in a 
rectangular air cavity of aspect ratio 6. He provided a correlation equation to calculate 
Nusselt number 
 N%K = 0.045	
K y                                  z{@         G@K > 10                                            ^31`  
 
His correlation agrees well with both correlations of[40] and [43]. 
Markatos and Pericleous[6], provided three correlation equations for laminar and 
turbulent natural convection in an enclosed cavity (square enclosure) according to the 
value of Rayleigh number. These correlation equations are in the form: 
 N%K = 0.143	
Kt.                              z{@          10 ≤ 	
K ≤ 10s                               ^32` 
 N%K = 0.082	
Kt.                            z{@          10s ≤ 	
K ≤ 10                               ^33` 
 N%K = 1.325	
Kt.                          z{@          10 ≤ 	
K ≤ 10s                               ^34` 
 
For large aspect ratios Macgregor and Emery [43] provided two correlation equations to 
calculate the Nusselt number 
 
N%K = 0.42	
K y c@t.t  9t.          z{@          ­
10 < 	
K < 101 < c@ < 2 × 1010 <  < 40 ®                    ^35`  
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N%K = 0.046	
K y                              z{@    ­10
s < 	
K < 101 < c@ < 20 1 <  < 40 ®                                  ^36`  
 
Ramesh and Venkateshan[11], experimentally studied the natural convection in a square 
enclosure, filled with air, using differential interferometer and they provided a 
correlation equation to calculate the Nusselt number that match the experimental results. 
The correlation equation as a function of Grashof number is 
 N%K = 0.56G@t.                          z{@         5 × 10 ≤ G@ ≤ 2 × 10s                          ^37` 
 
Trias et al. in part-I [45] and in part-II [46] studied the numerical methods and heat 
transfer inside a differentially heated cavity of aspect ratio 4 with Rayleigh numbers up 
to 1011 using the direct numerical simulation. They provided two correlation equations 
to calculate Nusselt number for the studied range of Rayleigh number. 
 N%K = 0.182	
Kt.                  z{@      6.4 × 10: ≤  	
 ≤  10                                ^38`  
 N%K =  1 − n+m
	
Ko 	
K y + n+m
	
Ko	
K y                                     ^39`  
 
For 6.4 × 10: ≤  	
 ≤  10 where,  = 4.6847 × 109,  = 3.2101 × 109, 
 = −1.5104 × 109 and ¯ = 3.1874 × 109 
 
All these correlation equations have limitations and used for a certain range of 
parameters which must be carefully noted before they are applied. First and most 
important, is the geometry which is a major factor. For example external flow over a flat 
plate is not the same as flow inside an enclosure. Thus, each correlation equation is 
valid for a specific geometry. Second important, limitations on the range of parameters 
used, such as the Rayleigh, Prandtl and Grashof numbers, for which a correlation 
equation is valid, are determined by the availability of data. 
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2.5 Interaction between radiation and natural convection in 
square and rectangular enclosures 
The importance of surface radiation with natural convection in square and 
rectangular enclosures has also been studied and investigated by many researchers. 
Balaji and Venkateshan[47], numerically investigated the interaction of surface 
radiation with laminar free convection in a square cavity. They elucidated the 
importance of surface radiation even at low emissivities and provide some reasons for 
the discrepancies noted between the experimental and theoretical correlations. They 
[48]derived correlation equations to calculate convection and radiation Nusselt numbers 
in square enclosures. Sen and Sarkar[49], have considered the effects of variable 
properties on the interaction of laminar natural convection and surface radiation in a 
differentially heated square cavity. They discovered that, the presence of both radiation 
at low emissivity (ε = 0.1) and variable properties, affect intensively the thermal 
stratification of the core and the symmetry of the mid-plane vertical velocity as well as 
temperature profiles. Akiyama and Chong [50], analysed the interaction of laminar 
natural convection with surface thermal radiation in a square enclosure filled with air. 
They found that the presence of surface radiation significantly altered the temperature 
distribution and the flow patterns and affected the values of average convective and 
radiation Nusselt numbers.  
Velusamy et al. [51], studied the turbulent natural convection with the effect of surface 
radiation in square and rectangular enclosures. They pointed out that, the radiation heat 
transfer is significant even at low temperatures and low emissivities. Colomer et al. 
[52], looked at the three-dimensional numerical simulation of the interaction between 
the laminar natural convection and the radiation in a differentially heated cavity for both 
transparent and participating media. Their work reveals that in a transparent fluid, the 
radiation significantly increases the total heat flux across the enclosure. Ridouane and 
Hasnaui[53], investigated the effect of surface radiation on multiple natural convection 
solutions in a square cavity partially heated from below. They found that, the surface 
radiation alters significantly the existence ranges of the resultant solutions. Sharma et al. 
[54], studied the turbulent natural convection with surface radiation in air filled 
rectangular enclosures heated from below and cooled from other walls. Their results 
emphasise the need for coupling radiation and convection to get an accurate prediction 
of heat transfer in enclosures. Also Sharma et al. [4], investigated and analysed 
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turbulent natural convection with thermal surface radiation in inclined square 
enclosures. They reported that, for the case of angle of inclination φ = 90°, the 
circulation rate in the enclosure increases significantly and the turbulent viscosity is 
three times that of the non-radiating case.  
This work focuses on the effect of aspect ratio and realistic conditions (which include 
the effect of different enclosure size, changing the cold and hot wall temperatures, and 
using different fluids, for all properties vary with temperature) on the turbulent natural 
convection with and without surface radiation reports a correlation equation for the 
natural convection for both types of (square and rectangular enclosures). The analysis 
uses a new dimensionless group which demonstrates the relation between the 
convection and radiation heat transfer inside the rectangular and square enclosures. 
 
2.6 Correlation equations for natural convection with 
radiation interaction in square enclosure 
Balaji and Venkateshan[48], numerically studied the interaction of surface radiation 
with free convection in a square enclosure. They provided two correlation equations to 
calculate convection and radiation Nusselt numbers. 
 N%W = 0.149G@t.^ 1 + 4U`9t. ^ 1 + 4W`t.:^ 1 + 4°`9t. 
^ 1 + 4F`t.  NVWNVW + 1t.   10
 < G@ < 10s0.73 < $@ < 0.954 < NVW < 22 ¡                                            ^40`  
 
N%V = 0.657G@9t.tt4Ut.:t:4Wt.^ 1 + 4°`t.^ 1 + 4F`9t.t 
^ 1 − $@`.NVW.t   10 < G@ < 10s0.73 < $@ < 0.954 < NVW < 22 ¡                                                    ^41`  
Where N%W  is the convection Nusselt number, N%V is the radiation Nusselt number, 4U 
is the emissivity of the hot wall, 4W is the emissivity of the cold wall, 4° is the 
emissivity of the bottom wall, 4F is the emissivity of the top wall, and NVW = ZF[\K]^F[9F±`.  
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Akiyama and Chong [50], investigated the numerical analysis of natural convection 
with surface radiation in a square enclosure, they provided a correlation equation to 
calculate Nusselt number to within an average deviation of 7.32% and a maximum 
deviation of 14.82% compared to their numerical results. Their correlation equation is 
 N%K = 0.529	
Kt.ts4t.             z{@         10 ≤ 	
K ≤ 10s                                  ^42` 
 
Velusamy et al. [51], provided two correlation equations to calculate Nusselt number 
for the case of interaction between surface radiation and turbulent natural convection in 
square enclosures. The two correlation equations respectively are for the total Nusselt 
number for coupled natural convection with surface radiation and the total Nusselt 
number for decoupled natural convection with radiation. 
 N%F = 0.17	
Kt.s  z{@        10 ≤  	
 ≤  10                                                          ^43`  
 N%F = 0.142	
Kt. z{@        10 ≤  	
 ≤  10                                                        ^44`  
 
 
2.7 The use of turbulence models for modelling natural 
convection 
The geometry that was solved is shown schematically in figure2.1. This is a two 
dimensional flow of an ideal gas in an enclosure of side H and width L. The two vertical 
hot and cold walls are heated isothermally and the other two (horizontal) walls are 
adiabatic. To simplify the problem and focus on the heat transfer between the hot and 
cold walls the adiabatic wall surfaces are taken as zero emissivities which is similar to a 
highly shiny, insulated surface. It is appreciated that changing this will alter the rest of 
this analysis, and this could form the basis of future work. The turbulent flow in the 
enclosure is analysed using the commercial code (FLUENT 6.3) and by using the RNG 
k-ϵ model with the Boussinesq approximation for the density. 
The RNG k-ϵ model was derived using a rigorous statistical method (called 
renormalization group theory). It involved the improvement in the accuracy of the k-ϵ 
model in rapidly strained flows by adding another term to the ϵ equation, and enhancing 
the accuracy of the swirling flows by including the effect of swirl on turbulence. It also 
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accounts for low-Reynolds numbers effects by providing an analytical differential 
formula for effective viscosity, which depends on an appropriate treatment of the near 
wall region [55]. These features make the RNG k-ϵ model more accurate and reliable 
for a wider class of fully enclosed airflows than the standard k-ϵ model. Zhang et al. 
[56] have compared four turbulence models for the turbulent natural convection in 
enclosures they have found that the RNG k-ϵ model agreed better with the experimental 
results of [57, 58] than the other models. Gan[59] has also studied the turbulent buoyant 
flow in a tall air cavity using the standard k-ϵ and the RNG k-ϵ models. He pointed out, 
by using the RNG k-ϵ model, an improvement in the predicted results was achieved 
compared to the standard k-ϵ model. Zhang et al. [60] have compared eight turbulence 
models for predicting airflow and turbulence in enclosed environments they have found 
that between the RANS models, the RNG k-ϵ model produced the best results. Coussirat 
et al. [61]studied and analysed the influence and performance of five numerical models 
on the simulation of free and forced convection in double-glazed ventilated facades, 
they found that the RNG k-ϵ model performed better for predicting heat transfer than 
the other turbulence models, compared with experimental results. Omri et al. [62], 
studied the turbulent natural convection in non-partitioned cavities using three different 
CFD models. They found that all the models give satisfactory predictions compared 
with the experimental benchmark values [63]. For these reasons the RNG k-ϵ model 
was chosen in this work.  
 
2.8 Dimensional analysis of natural convection in enclosures 
Patterson and Imberger[17] studied the transient natural convection in a cavity of 
aspect ratio less than one. They provide a dimensionless analysis of the heat transfer 
inside a rectangular enclosure. Bejan[19] explained the pure natural convection heat 
transfer flow regimes in tall, square and shallow enclosures. He provides an extendable 
dimensionless analysis of the heat transfer inside enclosures based on the dimensional 
analysis of [17]. He claims that the relationship between Nusselt number and Rayleigh 
number in enclosures with different aspect ratios is more complicated and cannot be 
expressed by just a power law. Johnstone and Thring[64] studied the scale up methods 
of general heat transfer. They provide a dimensional analysis of different heat transfer 
cases. 
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This study focuses on the dimensional analysis for two cases of natural convection, 
pure natural convection and natural convection with interaction of surface thermal 
radiation. Both problems have been analysed and correlation equations for both cases 
will be provided. 
 
2.9 Experimental studies of natural convection in enclosures 
Many researchers experimentally studied the velocity profiles inside the cavities. 
They tried to find out the position of the peak velocity and flow reversals and how that 
effected the thickness of the boundary layer. In this study the velocity boundary layer 
was considered to be the region of velocity values which extends from the wall to the 
first zero or near to zero velocity value and does not include the region of reversed flow. 
Also the core of the enclosure is defined relative to the velocity or thermal boundary 
layers and by noticing that the temperature fluctuations are more dependent on velocity 
fluctuations not vice versa. Therefore the definition of the core based on the velocity 
boundary layer is more preferable. King [57], defines the core as that region which 
exists beyond the velocity boundary layer which ends at the first position of zero 
velocity.  
Kutaleladze et al [65] studied the turbulent natural convection on a vertical flat plate. 
They observed that the lateral position of the peak mean velocity increases as the height 
increases. They also showed that increasing the cavity width will increase the boundary 
layer thickness and significantly decrease the velocity value.  Schmidt and Wang [66] 
experimentally studied the turbulent natural convection in an enclosure filled with 
water. They observed the flow reversals just outside of the boundary layer for about 
60% upstream of each wall. They noticed that the peak of the velocity values start to 
decrease and moved away from the wall (increasing the boundary layer thickness) after 
the enclosure mid-height. Giel and Schmidt [67] experimentally studied the turbulent 
natural convection in an enclosure filled with water. They observed the velocity 
reversals to occur at upstream of 70% of the heated and cooled walls. They claimed that 
the boundary layer thickness was being constant except at the corner regions. King [57] 
studied the turbulent natural convection in air cavity. He observed that the boundary 
layer thickness and the peak of the mean velocity were at its minimum at the bottom of 
the heated wall than is starts to increase up to the mid-height then it start to decrease 
again. Lankhorst et al [12] experimentally studied the buoyancy induced flow in a 
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square enclosure filled with air. They used laser Doppler velocimetry to obtain the 
velocity and turbulence intensity profiles inside the enclosure. They found that as the 
flow proceed downstream the peak velocity shifts away from the wall causing a growth 
of the boundary layer. Also they noticed that the turbulent intensities are nearly 
symmetric in the hot and cold boundary layers at similar heights of the boundary layer 
growth. Ayinde et al [68] experimentally investigated the turbulent convection flow in a 
channel using the particle image velocimetry. They found that the peak of the velocity 
value increases as the aspect ratio or the Rayleigh number increase. 
This study focuses on the thermal analysis of heat transfer inside square and 
rectangular enclosures using three aspect ratios. Also in this study the velocity and 
turbulence intensity profiles using the Laser Doppler Velocimetry (LDV) will be 
discussed and compared with the numerical results. 
 
2.10 Conclusion 
From the published literature it is clear that the problems of both natural convection 
with radiation effects and with the effect of realistic conditions (which include the effect 
of enclosure sizes, different wall temperatures, aspect ratios and variable fluid 
properties) needs be studied in detail. Also, the work of Jonstone and Thring [64] shows 
that while many physical problems can be approached through dimensional analysis, 
this problem has not been looked at from this aspect, and can profitably be studied in 
detail.  
 
Therefore this study will focus on examining how the dimensional analysis of this 
problem and the effect of the realistic conditions can lead to some general outcomes and 
empirically reduce the problem to some simple relationships. To this end, the study will 
aim to provide correlation equations for Nusselt number for the two cases of pure 
natural convection and natural convection with radiation interaction; both with the 
effect of realistic conditions. Also this study will provide the variables needed to use a 
new dimensionless equation which describes the relation between natural convection 
and radiation heat transfer inside enclosures. 
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CHAPTER 3  
THEORETICAL BACKGROUND 
 
3.1 Convection heat transfer 
The heat transfer by convection between a wall surface and a fluid can be calculated 
using Newton’s law of cooling [2]: 
 ² " = ℎ³^$< − $´ `                                                                                                                ^1` 
 
Where ² " is the heat transfer rate by convection between a surface of area A at a 
temperature $< and a fluid of temperature $´ . The quantity h is called the convection 
heat transfer coefficient. For some convection heat transfer systems the convection heat 
transfer coefficient can be calculated analytically but for more complex systems the 
convection heat transfer coefficient must be determined experimentally [2]. 
 
3.1.1 Convection boundary layers 
Conceptually, there are two boundary layers, velocity boundary layer and temperature 
boundary layer. To define these two boundary layers it is best to consider the flow over 
a flat plate as shown in figure 3.1. A flow region develops starting at the leading edge of 
the considered plate, where the effects of the viscous force are dominant. This effecting 
viscous force is a function of shear stress between fluid layers. This shear stress is 
proportional to the normal velocity gradient[2, 3]. 
; = 0 %,                                                                                                                                         ^2` 
Where; = Shear stress 0 = Dynamic viscosity !h!l = Velocity gradient 
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Figure 3.1Velocity boundary layer development on a flat plate 
 
The region of the flow in which the effects of the viscosity are observed to start develop 
from the leading edge of the plate; this region is called the boundary layer. This 
boundary layer ends at a distance on the y coordinate where the velocity becomes 99 
percent of the free stream value. 
At the beginning the boundary layer development is laminar and as the flow developed 
from the leading edge a transition process starts and with increasing distance, the 
laminar layers are no longer stable and the flow becomes turbulent. The transition from 
laminar to turbulent flow on a flat plate occurs when Reynolds number [2] 
 
	nµ = /%´+0 > 5 × 10                                                                                                             ^3` 
 
Where%´ = Free stream velocity + = Distance from leading edge / = Fluid density 
 
The thermal boundary layer develops when the plate surface temperature and the fluid 
free stream temperature are different. Also it defines as the region where the 
temperature gradients are present in the flow. This temperature gradient caused by heat 
exchange between the plate surface and the fluid. The thermal boundary layer ends at a 
distance y where ^$ − $` = 0.99^$ − $´ `. 
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Here, the Prandtl number is the ratio between the thicknesses of velocity to thermal 
boundary layer. 
Consider the flow over a flat plate as shown in figure 3.2. The temperature of the 
surface is $, the temperature of the fluid far from the surface is $´  and the thickness of 
the thermal boundary layer is ¶a. At the plate surface the heat transfer occurs only by 
conduction because there is no fluid motion. Thus the local heat flux is 
 
 
 
 
 
 
 
 
 
Figure 3.2 Thermal boundary layer development on an isothermal flat plate. 
 
 
· = − ¸¹$¹,h#º»                                                                                                                       ^4` 
 
Combining this equation with Newton’s law (equation one above) result: 
 
ℎ = −^¹$/¹,`h#º»^$ − $´ `                                                                                                              ^5` 
 
This means that to find the heat transfer coefficient the temperature gradient at the plate 
surface need to be found. 
In this study the velocity boundary layer was considered to be the region of velocity 
values which extends from the wall to the first zero or near to zero velocity value and 
does not include the region of reversed flow. The temperature boundary layer is 
considered to be the region of temperature values which extends from the wall to the 
position where the fluid temperature reaches that of the fluid at the cavity centre and 
(Tw-T) is a maximum. 
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3.1.2 Equations of motion for natural convection 
From the physical mechanism of natural convection in a gravitational field, the 
buoyancy force exerted by the fluid on a body will be equal to the weight of the fluid 
displaced by the body[3]. 
 ¼hl l = /º½h¾!¿!l                                                                                                          ^6` 
 
Where /º½h¾!is the average fluid density, g is the gravitational acceleration and ¿!lis 
the volume of the body portion immersed in the fluid. The net force acting on this body 
will be[3]: 
 ¼ »a = À − ¼hl l = /!l¿!l − /º½h¾!¿!l = ^/!l − /º½h¾!`¿!l   ^7` 
 
The force shown in equation 7 is proportional to the density difference of the fluid and 
the body immersed in this fluid.  In heat transfer studies, however, the most important 
variable is the temperature; hence the bouncy forces need to be expressed in terms of 
temperature difference instead of density difference. The property, which represents the 
relation between temperature difference and density difference at constant pressure, is 
called the volume expansion coefficient3^FÁÂ`, which is defined as [3, 69]: 
 
3 = 1Ã ¹Ã¹$Ä = − 1/ ¹/¹$Ä                                                                                                        ^8` 
 
The approximate value of this volumetric coefficient is produced by replacing the 
differential quantity by a difference quantity as in: 
 
3 ≈ − 1/ ∆/∆$ = − 1/ /´ − /$´ − $                                                                                                          ^9` 
Or  /´ − / = /3^$ − $´ `                                                                                                             ^10` 
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Where /´and $´ are the bulk density and temperature of the fluid respectively, which 
are measured far away from the surface so, these properties not be affected by local 
conditions. 
The equation of motion of the natural convection flow in the boundary layer for a 
vertical hot plate can be derived[3]. By assuming that, the flow shown in figure 3.3 is 
steady and two dimensional and that the fluid is Newtonian (with constant properties 
except for density) then, the Boussinesq approximation for density can be applied. The 
basic approach in this approximation is to treat the density as constant in the continuity 
equation and the inertia term of the momentum equation, but allow it to change with 
temperature in the gravity term[70].The temperature and velocity profiles on the vertical 
plate will be as shown in figure 3.3. The fluid velocity out of the boundary layer is zero 
as well as at the plate surface, which differs from forced convection, because here the 
fluid’s outer the boundary layer is motionless[3]. The velocity magnitude increases 
from zero at the plate surface to a maximum value then starts to decrease again to a zero 
value at a distance far from the plate. The fluid temperature is a maximum value at the 
plate surface which in turn is equal to the plate temperature this then starts to decrease 
until it is the same as the surrounding fluid temperature at a certain distance from the 
plate surface. 
 
Now, consider a differential volume of height+, length,, and a unit depth in the z 
direction, where the forces acting on this volume element are shown in figure 3.4. By 
applying Newton’s second law of motion in the vertical x direction: 
 ¼µ = ¶Å. 
µ                                                                                                                                 ^11` 
 
Where ¶Åis the mass of the fluid element¶Å = /^+. ,. 1`. The acceleration in the x 
direction will be  
 

µ = %Æ = ¹%¹+ +Æ + ¹%¹, ,Æ = % ¹%¹+ + Ã ¹%¹,                                                                         ^12` 
And the associated force is: 
¼µ = % ¹%¹+ + Ã ¹%¹, /^+. ,. 1`                                                                                           ^13` 
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Figure 3.3 Natural convection over a vertical plate with temperature and velocity 
profiles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Forces acting on a differential volume in natural convection over a vertical 
plate 
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The forces acting on the fluid element in the vertical direction are the pressure forces, 
the shear stresses and the force of gravity. The net forces acting on the element from 
figure 3.4 will be: 
 
¼µ = ¹;¹, , ^+. 1` − ¹¹+ + ^,. 1` − /^+. ,. 1` 
      = ¥0 ¹%¹, − ¹¹+ − /§ ^+. ,. 1`                                                                                   ^14` 
 
From equations 13 and 14 the conservation equation of momentum in the vertical 
direction 
% ¹%¹+ + Ã ¹%¹, /^+. ,. 1` = ¥0 ¹%¹, − ¹¹+ − /§ ^+. ,. 1`                                     ^15` 
 
Dividing by ^+. ,. 1` gives 
/ % ¹%¹+ + Ã ¹%¹, = ¥0 ¹%¹, − ¹¹+ − /§                                                                             ^16` 
 
Equation 16 can be applied to the fluid far from the boundary layer by setting % = 0 to 
get 
 ¹´¹+ = −/´                                                                                                                              ^17` 
 
By knowing that Ã ≪ % in the boundary layer and Ç"Çµ ≈ Ç"Çl ≈ 0 also assuming that there 
are no body forces in the y direction, so the force balance in the y direction gives, ÇÇl = 0. 
 
Therefore, the pressure in the boundary layer in the x direction will be equal to that in 
the surrounding fluid; from equation 17 
 ¹¹+ = ¹´¹+ = −/´                                                                                                                   ^18` 
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Subtracting equation 18 from equation 16 gives 
 
/ % ¹%¹+ + Ã ¹%¹, = 0 ¹%¹, + ^/´ − /`                                                                               ^19` 
 
Substituting equation 10 into equation 19 and dividing both sides by / gives 
 
% ¹%¹+ + Ã ¹%¹, = 2 ¹%¹, + 3^$ − $´ `                                                                                    ^20` 
 
This gives equation 20which is the momentum equation that controls the fluid motion in 
the boundary layer due to the effect of buoyancy. 
 
3.1.3 Dimensional numbers 
The governing equations in natural convection are normally non-dimensionlised and 
the variables are combined together to produce a non-dimensional numbers to reduce 
the total number of variables. 
 
3.1.3.1 Nusselt number 
Consider the heat transfer from a fluid layer of side area A, a thickness L and a 
temperature difference between two sides of ∆$ = $ − $. If the fluid is moving, from 
equation 1 the heat transfer by convection will be as:  " = ℎ³^$ − $`                                                                                                               ^21` 
 
If the fluid is motionless the heat will be transferred by a pure conduction according to 
this equation: 
 
 ! = ³^$ − $`                                                                                                               ^22` 
 
The two equations can be non-dimensionlised by taking the ratio of the two equations: 
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 " ! = vℎ³^$ − $`xÈ]É^FÂ9FC`K Ê =
ℎ = N%                                                                                    ^23` 
 
The dimensionless group producedis called the Nusselt number[71], which represents 
the number of times that the heat transfer is enhanced by convection relative to that of 
conduction. That means that the larger the Nusselt number the, more effective the 
convection heat transfer. 
 
3.1.3.2 Grashof number 
The governing equations of natural convection heat transfer can be non-
dimensionalised using some suitable constant quantities. These constant quantities 
are[3]: 
 +∗ = µKP,  ,∗ = lKP, %∗ = hÌ , Ã∗ = "Ì , $∗ = F9FÍFÎ9FÍ , where ¿ = V»±"K  
 
Substituting these into equation 19 gives 
 
%∗ ¹%∗¹+∗ + Ã∗ ¹%∗¹,∗ = 1	nK ¹%∗¹,∗ + ¥3^$ − $´ `2 § $∗	nK                                                  ^24` 
 
Where the dimensionless parameter shown between the brackets is called the Grashof 
number G@K[71] 
 
G@K = 3^$ − $´ `2                                                                                                             ^25` 
 
Where the Grashof number is the ratio between the buoyancy force and viscous force 
and the magnitude of which allows the flow to be considered as laminar or turbulent. 
The product of the Grashof number and Prandtl numbers is called the Rayleigh 
number[72]: 
 
	
K = G@Kc@ = 3^$ − $´ `2 . Pr                                                                                   ^26` 
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Where Prandtl number is 
 
c@ = 0 = 2 ^27` 
 
The Rayleigh number in natural convection is analogous to the Reynolds number in 
forced convection and is a measure by which the flow can be calculated as laminar or 
turbulent. Inside enclosures, the transition from laminar to turbulent flow occurs when 
the Rayleigh number is greater than one million [2, 6]. 
 
3.2 Radiation heat transfer 
Radiation is the energy emitted by a body in the form of electromagnetic waves. The 
energy transferred by radiation does not require the presence of an intervening medium 
such as conduction and convection. The most interested studies in radiation heat transfer 
is the thermal radiation, which is the form of radiation emitted by bodies because of 
their temperatures [3]. All bodies emit and absorb electromagnetic waves all the time, 
by decreasing or increasing their temperatures and the strength of this emission is 
depending on the temperature of this body [73]. The thermal surface radiation occurs 
between two or more surfaces at different temperatures, and it becomes extremely 
important if the temperature difference is high, due to the fourth order dependence of 
the radiation, which implies that radiation will dominate at high temperature 
differences. 
 
3.2.1 Radiation fundamentals 
A surface at an absolute temperature $emits a maximum rate of radiation according to 
the Stefan-Boltzmann law as[3] 
 ²#!9Ñµ = 5³$                                                                                                                   ^28` 
 
Where 5 = 5.67 × 109: À/Å. , is the Stefan-Boltzmann constant, ³Å is the 
surface area and $  is the absolute surface temperature. The surface which emitted 
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radiation by a maximum rate as in equation 28 is called a black body. All the other 
surfaces at the same temperature of the black body are emitted radiation less than the 
black body according to this equation 
 ²#! = 45³$                                                                                                                          ^29` 
 
Where 4 is the emissivity of the surface and its value is in the range of 0 ≤ 4 ≤ 1. The 
emissivity value for the black body is 4 = 1 and its value is less than one for the other 
surfaces, which depend on how closethat body emittance to the black body. 
There is another surface radiation property, the absorptivity  ∝ its value is in the range 
of 0 ≤∝≤ 1. The black body absorptivity value is ∝= 1 that means it absorb all the 
incident radiation on it. From Kirchhoff’s law the emissivity and the absorptivity of a 
surface are equal at a given temperature and wavelength. Any surface as shown in 
figure 3.5 absorbs radiation according to the following equation 
 ²#»! =∝ ² ¾ ¾!» a                                                                                                            ^30` 
 
Where ²#»! is the portion of the heat absorbed by the surface and ² ¾ ¾!» a is the 
incident heat radiation on this surface. There is a portion of the incident radiation 
reflected back by the opaque surfaces as shown in figure 3.5. 
 
Calculating the net radiation heat transfer between two surfaces is complicated, because 
it depends on many parameters such as the properties of the surfaces, their location 
relative to each other and the interaction of the fluid between the two surfaces with 
radiation [2]. For example when a surface of emissivity 4 and surface area ³ at an 
absolute temperature $ is completely enclosed by a large surface at absolute 
temperature $h## separated by a gas that does not intervene with radiation as shown in 
figure 3.6, in this case the net radiation heat transfer between the two surfaces will be as 
 ²#! = 45³^$  −  $ h## `                                                                                                    ^31` 
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² ¾ ¾!» a 
 
²#»º = ^1−∝`² ¾ ¾!» a 
² =∝ ² ¾ ¾!» a 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Incident, absorbed and reflected heat transfer on a surface of an absorptivity 
α. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Heat transfer between two surfaces one completely surrounding the other. 
 
3.2.2 The view factor 
Radiation heat transfer between two surfaces depends on the radiation properties of the 
two surfaces one of these properties is the orientation of the two surfaces relative to 
each other as shown in figure 3.7. To show the effect of the orientation of the two 
surfaces relative to each other on the radiation heat transfer between the two surfaces a 
parameter called the view factor is defined. It is a purely geometric quantity and it is 
independent of the temperature and the surface properties. The view factor is defined as 
the fraction of the radiation leaving surface i to a surface j that strikes surface j directly 
² ¾ ¾!» a 
 
² ¾ ¾!» a 
 
²»Ñ¾aa»! 
 
Air 
 
Surrounding 
surface at Tsurr 
 
Surface of 
ε, As, Ts 
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and is denoted by ¼¾→Ó  or just ¼¾Ó.  Where ¼ represents the fraction of radiation 
leaving surface one that strikes surface two directly.  
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Radiation heat transfer depends on orientation between surfaces. 
 
This view factor can be calculated using the following equation 
 
¼ = ¼ÉÂ→ÉC = ²ÉÂ→ÉC²ÉÂ = 1³ Ô Ô cos  cos Ø@ ³³ÉÂÉC                                          ^32` 
 
Where @ is the distance between ³ and  ³ and  and  are the angles between the 
normals of the two surfaces and the line connects ³ and  ³ respectively. 
 
There are some rules controlling the relation between view factors: 
• The reciprocity rule ÙÚÛÚ→Ü = ÙÜÛÜ→Ú                                                                     ^ÝÝ` 
• The summation rule ∑ ÛÚ→ÜßÜàá = á                                                                          ^Ýâ` 
• The superposition rule      Ûá→^ã,Ý` = Ûá→ã + Ûá→Ý                                             ^Ýä` 
• The symmetry rule (if surfaces j and k are symmetric about the surface i then)                                                   ÛÚ→Ü = ÛÚ→å                                                                ^Ýæ` 
 
The radiation heat transfer between two surfaces forming an enclosure can be calculated 
using this equation 
 
Radiation heat source 
Surface one 
Surface two 
 
Surface three 
 
41 
 
² = 5^$  −  $ `	 + 	 + 	 =  5^$  −  $ `9çÂÉÂçÂ + ÉÂèÂC + 9çCÉCçC                                                                       ^37` 
 
Where the term 	¾ = 9çéÉéçé  is the surface resistance to radiation and 	¾Ó = Ééèéê is the 
space resistance to radiation. 
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CHAPTER 4  
DIMENSIONAL ANALYSIS OF 
HEAT TRANSFER IN CAVITIES 
 
4.1 Introduction 
The dimensions of any physical quantities can be manipulated algebraically and the 
results can be used to provide useful information for the physical processes considered. 
This study is the so-called dimensional analysis [74]. Others define dimensional 
analysis as a process for eliminating extraneous information from a relation between 
different physical quantities [75]. Palmer [76], defines it as a technique that can be used 
to represent and elucidate relationships between physical quantities. There are two basic 
approaches to establish the dimensionless relations that characterize the behaviour of a 
system [77]. The first approach is to study the general equations that control the 
behaviour of the system. The second approach is to study the specific equations that 
control the behaviour of the system.  
 
For any equation to meaningfully express properties of a physical system, this 
equation must have numerical equality and dimensional homogeneity between its two 
sides [78]. Dimensional analysis is concerned only with the nature of the properties 
involved in the situation and not on their numerical values, particularly where the 
numerical value of the dimensional quantity is a dependant on the system of units used 
for its measurement [79]. This study focuses on the dimensional analysis of two cases of 
natural convection, pure natural convection and natural convection with interaction of 
surface thermal radiation. Both problems are analysed and correlation equations for both 
cases provided. The analyses use two methods to find the dimensional correlation 
equations that control the heat transfer inside enclosures, as shown in figure 4.1. The 
first method is through the use of dimensional methods to get the final correlation 
equations, while the second method starts from the governing equations. It should be 
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noted that the same groups can be found using both dimensional analysis techniques, 
though the second method is far more rigorous. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1Two-dimensional rectangular enclosure with isothermal side walls. 
 
4.2 Producing dimensionless correlation equations 
The dimensional analysis correlation equations for both square and rectangular 
enclosures will be produced in this section using two analysis methods and for two 
cases pure natural convection and natural convection with radiation. The first method 
starts using the produced dimensional analysis of the energy equation by Johnstone and 
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Thring[64]. The second method starts from the governing equations for square and 
rectangular enclosures.  
 
4.2.1 First analysis method 
Using dimensional analysis of the energy equation, Johnstone and Thring[64], found 
that, for the process of heat transfer by pure natural convection they could derive the 
following equation ∆$ = ∅ ¥3∆$/0 , 0Ä § ^1` 
 
The same equation has been derived by Ipsen[77], for the case of pure natural 
convection, which states N% number in terms of G@ and c@ numbers. 
They [64] also have found that the dimensional analysis for the case of pure radiation 
led to this equation 
 54$ = ∅ $$ ^2` 
 
Which is the heat transfer ratio in terms of the absolute temperature ratio. 
Then for the case under consideration, which includes both natural convection and 
radiation heat transfer, the two previous equations 1 and 2 can be coupled together to 
form the following new dimensionless equation 
 54$ = ∅ ¥ ∆$ , 3∆$/0 , 0Ä , $.$ § ^3` 
 
Which is, heat transfer ratio in terms of Nusselt number, Grashof number, Prandtl 
number and absolute temperature ratio. 
As mentioned in their book Johnstone and Thring found that [64], the rate of heat 
transfer in terms of heat transfer coefficient was given as 
  = ℎ∆$                                                                                                                                    ^4` 
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Substituting equation 4 into equation 3 gives 
 ℎ∆$54$ =  "#! = ℎ54$ = ∅ ¥ℎ , 3∆$/0 , 0Ä , $.$ § ^5` 
 
Where this equation is the heat transfer ratio between convection and radiation (new 
dimensional group) as a function of Nusselt, Grashof and Prandtl numbers and 
temperature ratio. 
 
4.2.2 Second analysis method for square enclosure 
The governing equations for the mass, momentum and energy conservation within 
the enclosure (as shown in figure 4.1) can be described as in equations 6, 7, 8 and 9 
below. 
 
Continuity equation 
The continuity equation is a differential equation that describes the conservation of 
mass. The general form of the continuity equation for a two dimensional turbulent flow 
is: 
 ¹^/`¹Æ + ¹^/%`¹+ + ¹^/Ã`¹, = 0                                                                                                       ^6` 
Where / is the fluid density, Æ is the time, % is the x velocity and Ã is the y velocity 
components. 
 
Momentum equations 
From Newton’s second law the rate of change of momentum of a fluid particle equals to 
the sum of the forces on the particle. The general form of the momentum equation in the 
x and y coordinates for a turbulent flow is: 
 
x-component of the momentum equation ¹^/%`¹Æ + ¹^/%%`¹+ + ¹^/%Ã`¹, = − ¹¹+ + ¹¹, 0 ¹%¹, + ¹Ã¹+                                           ^7` 
Where  is the static pressure and 0 is the viscosity. 
46 
 
 
y-component of the momentum equation ¹^/Ã`¹Æ + ¹^/%Ã`¹+ + ¹^/ÃÃ`¹, =   − ¹¹, + ¹¹+ 0 ¹Ã¹+ + ¹%¹, + /3^$ − $`^8` 
 
Where /3^$ − $` is the Boussinesq approximation for buoyancy, 3 is the thermal 
expansion coefficient and  is the gravitational acceleration. 
 
Energy equation 
The energy equation in the case of heat transfer in a two dimensional coordinate is: ¹^/$`¹Æ + ¹^/%$`¹+ + ¹^/Ã$`¹, = ¹¹+  ¹$¹+ + ¹¹,  ¹$¹,                                       ^9` 
 
By multiplying equation 7 by ÇÇland equation 8 by ÇÇµ then the pressure terms can be 
eliminated and the momentum equations combined to produce a single momentum 
equation: 
 ¹¹+ ¹Ã¹Æ + % ¹Ã¹+ + Ã ¹Ã¹, − ¹¹, ¹%¹Æ + % ¹%¹+ + Ã ¹%¹,
= 2 ¨ ¹¹+ ¥¹Ã¹+ + ¹Ã¹,§ − ¹¹, ¥¹%¹+ + ¹%¹,§© + 3 ¹$¹+                           ^10` 
 
Which contains three momentum groups that control the flow of air in the enclosure; 
these groups are, from left: inertia, viscous friction, and buoyancy.  
Based on Fourier’s law, the heat transfer balance at the boundary can be defined as: 
 
− ¸¹$¹+ì<½½ = − ¸¹$¹+ì<½½ = ℎ^$<½½ − $<½½` + z^ K,ç`5^$<½½ − $<½½ `            ^11` 
 
Where z^ K,ç` is a function of the geometry and separation of the walls and their 
emissivities,5 is the Stephan-Boltzmann constant. 
The above equations of motion can be simplified with dimensional analysis. Patterson 
and Imberge[17], proposed that the energy equation can be converted to dimensionless 
groups at a time just after Æ = 0 when the fluid beside each wall is motionless ^% = Ã =
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0` and the thermal boundary layer thickness, ¶F is much smaller than the enclosure 
height so that: ¹$¹, ≪ ¹$¹+ 
Therefore the energy equation 9 can be simplified to: 
 ¹$¹Æ =  ¥¹$¹+§                                                                                                                           ^12` 
Or  ∆$Æ ∝  ∆$¶F 
 
This equation indicates that following Æ = 0 the thermal boundary layer increases 
proportionally to: 
 ¶F~^Æ`/                                                                                                                              ^13` 
 
Referring to equation 10, Bejan[19] argues that by assuming % ≪ Ã the initial vertical 
velocity scale will be as: 
 
Ã ≈ 3∆$Æ2                                                                                                                                ^14` 
 
As time passes, a steady state situation occurs, where the flow is dominated by 
buoyancy effects. There will be a time, Æ = Æº when the boundary layer reaches its 
maximum thickness and an energy balance occurs between heat conducted from the 
wall and the heat carried away by the buoyancy. From the energy equation 9, it is 
possible to define this time as: 
 
Æº =  23∆$/                                                                                                                      ^15` 
 
The governing equations can be non-dimensionalised using the following scale groups 
from [19], with the exception of , where the hot and cold wall temperatures are used: 
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î = +¶F , ï = ,  ,  = $.^$ − $`$^$. − $` , ð = %^¶F/`Ãº  
 ¿ = ÃÃº 
The resulting non-dimensionless governing equations are as [19]: 
 ¹ð¹î + ¹¿¹ï = 0                                                                                                                               ^16` 
 1c@  ¹¹î ð ¹¿¹î + ¿ ¹¿¹ï − G@9ÂCc@9ÂC ¹¹ï ð ¹ð¹î + ¿ ¹ð¹ï 
= ¹¹î ¥¹¿¹î + G@9ÂCc@9ÂC ¹¿¹ï§ − G@9ÂCc@9ÂC ¹¹, ¥¹ð¹î + G@9ÂCc@9ÂC ¹ð¹ï §
+ $#9 ¹¹î                                                                                                        ^17` 
 
ð ¹¹î + ¿ ¹¹ï = ¹¹î + G@9ÂCc@9ÂC ¹¹ï                                                                                 ^18` 
 
And from the heat transfer at the boundary shown in equation 11: 
 
− ¸¹¹îì<½½ = ¶F  $.$  vN% + N%#x                                                                                   ^19` 
Where N% is the convection Nusselt number: 
 
N% = ℎ                                                                                                                                    ^20` 
And N%# is the Radiation equivalent Nusselt number: 
 
N%# = z^ K,ç`5^$. − $`^$. − $`                                                                                                        ^21` 
 
The two numbers of Nusselt numbers could be combined into a new dimensionless 
group 	 , which is the ratio of convection heat transfer to surface radiation: 
 
	 = N%N%# =  "#! = ℎ^$. − $`z^ K,ç`5^$. − $`  = N%cd                                                          ^22` 
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From equation 19 the total Nusselt number is  
 N%a = N% + N%#                                                                                                                      ^23` 
 
Which is the total Nusselt number as a function of convection Nusselt number and 
radiation equivalent Nusselt number. 
 
4.2.3 Second analysis method for rectangular enclosure 
This analysis focuses on the effect of aspect ratio on the dimensional analysis for two 
cases of natural convection, pure natural convection and natural convection with 
radiation interaction.  
From the mathematical model described above the governing equations from 6 to 9 
can be non-dimensionalised using the following scale groups: 
 
î = +¶F , ï = ,  ,  = ^/`$.^$ − $`$^$. − $` , ð = %^¶F/`Ãº  
 ¿ = ÃÃº 
The resulting non-dimensional governing equations are as: 
 ¹ð¹î + ¹¿¹ï = 0                                                                                                                               ^24` 
 1c@  ¹¹î ð ¹¿¹î + ¿ ¹¿¹ï − G@9ÂCc@9ÂC ¹¹ï ð ¹ð¹î + ¿ ¹ð¹ï = ¹¹î ¥¹¿¹î + G@9ÂCc@9ÂC ¹¿¹ï§ − G@9ÂCc@9ÂC ¹¹î ¥¹ð¹î + G@9ÂCc@9ÂC ¹ð¹ï §
+ ³	9$#9 ¹¹î                                                                                               ^25` 
 
ð ¹¹î + ¿ ¹¹ï = ¹¹î + G@9ÂCc@9ÂC ¹¹ï                                                                                 ^26` 
 
And at the boundary: 
− ¸¹¹îì<½½ = ¶F $.$ ^N% + N%#`                                                                                            ^27` 
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Where N% is the modified convection Nusseltnumber: 
N% = ℎ ∗ ³	                                                                                                                           ^28` 
 
And N%# is again the modified radiation equivalent Nusselt number: 
N%# = z^ K,ç`5^$. − $`^$. − $` ∗ ³	                                                                                             ^29` 
 
Where AR is the aspect ratio 
³	   =                                                                                                                                      ^30` 
 
The ratio of the two Nusselt numbers from equations (28) and (29) can be combined 
into a new dimensionless group 	 , as before: 
 
	 = N%N%# =  "#! = ℎ^$. − $`z^ K,ç`5^$. − $` = N%cd                                                           ^31` 
 
4.3 Producing the new dimensionless group from the 
provided dimensionless equations 
 
4.3.1 For square enclosures 
Thus dimensionless groups defined from the two sections 4.2.1 and 4.2.2 above can be 
combined into the following generalised dimensionless equation: 
 N%a = ñ^	 , G@, c@, $#`                                                                                                        ^32` 
And 	 = ñ^N%a, G@, c@, $#`                                                                                                        ^33` 
 
Where 	  is the heat transfer ratio in terms of total Nusselt number, Grashof number, 
Prandtl number and absolute absolute temperature ratio (the new dimensionless group). 
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Equation 32 can be compared to Johnstone and Thring’s[64] dimensionless equation for 
a general heat transfer problem involving radiation, convection and conduction using 
the Thring number, $ℎ = Me"ZçFL: 
 N% = ñ^	n, G@, c@, $ℎ, $#`                                                                                                     ^34` 
 
For the case of natural convection without radiation interaction; by setting N%# to zero 
from equation 23 and hence omitting  	  from equation 32 it gives:  
 N% = ∅^G@, c@, $#`                                                                                                                  ^35` 
 
Which is the convection Nusselt number as a function of Grashof number, Prandtl 
number and temperature ratio.  
The same sort of result can be provided using the Pi theorem for the case of pure 
natural convection heat transfer. This analysis has been shown in appendix A. 
Even though, many correlation equations have been provided in the literature using 
Nusselt number as a function of Grashof and Prandtl numbers without the temperature 
ratio. In our wide range of parameters used it was found to be impossible to collapse all 
the results curves together without using the temperature ratio. This will be shown in 
chapter 5 when the ratio of 	
//N% compared for the different parameters as a 
function of the temperature ratio figure 5.12. It is appreciated that providing all other 
parameters remain the same, the heat transfer rate will be a function of the temperature 
difference, not the temperature ratio. 
 
4.3.2 For rectangular enclosures 
The dimensionless groups of this problem as discussed in section 4.2.3 above can be 
related in the following generalised dimensionless equation: 
 N%a = ñ^	 , G@, c@, $# , ³	`                                                                                                 ^36` 
And 	 = ñ^N%a , G@, c@, $# , ³	`                                                                                                 ^37` 
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Where 	  is the heat transfer ratio in terms of total Nusselt number, Grashof number, 
Prandtl number, absolute absolute temperature ratio and the aspect ratio (the new 
dimensionless group). 
For the case of natural convection without radiation interaction; by omitting N%# from 
Eq. (23) and  	  from Eq. (37) it gives:  
 N% = ∅^G@, c@, $# , ³	`                                                                                                          ^38` 
 
Which is the convection Nusselt number as a function of Grashof number, Prandtl 
number, absolute absolute temperature ratio and aspect ratio.  
From equation 23 the total Nusselt number for the case of natural convection with 
radiation interaction, can be defined as 
 N%a = ∅^N% , N%#`                                                                                                                  ^39` 
Note that, here the Nusselt numbers, for both convection and radiation, are needed. The 
correlation equation for the total Nusselt number for natural convection with radiation 
interaction in a rectangular enclosure can be found by comparing equations 38 and 39 
and also using the definition of Planck number as given below: 
cd =  !#!                                                                                                                                   ^40` 
From the definition of the equivalent radiation Nusselt number equation 29 and Planck 
number equation 40 gives: 
 N%# = cd 9                                                                                                                                ^41` 
 
Where N%# is the radiation equivalent Nusselt number and cd is the Planck number. 
From equations 38, 39 and 41 the dimensionless groups which control the total Nusselt 
number in a rectangular enclosure is: 
 N%a = ∅^G@, c@, cd, $# , ³	`                                                                                                    ^42` 
 
For the case of a square enclosure, from equation 42, by putting the aspect ratio equal to 
unity equation 42 will be: 
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N%a = ∅^G@, c@, cd, $#`                                                                                                            ^43` 
 
4.4 Summary and discussion 
A review and explanation of the dimensional analysis and the relations to provide the 
correlation equations are established in this chapter. The analysis method to provide the 
dimensional relations which will be used to produce the correlation equations for square 
and rectangular enclosures is provided in this chapter. Using these relations the 
correlation equations for the new dimensionless group, which is the ratio between natural 
convection to radiation heat transfer, will be provided for both square and rectangular 
enclosures in the next chapters. Also using these relations from the dimensional analysis 
the correlation equations for pure natural convection, which is the average Nusselt 
number, will be provided for square and rectangular enclosures. For the case of natural 
convection with radiation interaction, the correlation equations for the total Nusselt 
number will be provided for both square and rectangular enclosure using these 
dimensional relations along with the numerical results in the next chapters.  
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CHAPTER 5  
TURBULENCE MODELLING AND 
NUMERICAL RESULTS 
 
5.1 Introduction 
The flow regime defined as a Laminar flow when the flow is smooth and the adjacent 
layers of the fluid move past each other in a systematic manner [80]. Douglas [81], 
defines laminar flow as a flow in which the fluid particles move in a systematic way and 
retain the same relative positions in sequential cross sections. In laminar flow there is no 
macroscopic mixing of adjacent fluid layers, where a thin string of ink injected into a 
laminar flow appears as a single line [82]; as seen in figure 5.1a. For example in the 
laminar flow in pipes the fluid moves in parallel layers and the velocity profile is 
parabolic for a Newtonian fluid [83, 84]; as shown in figure 5.2a. Laminar flow is 
smooth and steady and its theory is well developed and many solutions are known [85-
87].  
In 1883 Osborne Reynolds, a British engineering professor, showed that transition 
from laminar to turbulent flow can be visualized experimentally, and he defined these 
two types of flow which are known as Laminar and Turbulent. Which of these occurs 
depends on the dimensionless parameter /¿/0, which called the Reynolds number. In 
circular pipes running full transition occur at 	n ≈ 2300, while between two parallel 
plates when 	n ≈ 2000[85]. 
Turbulent flows occur in many processes in nature as well as in many industrial 
applications. There are many important and interesting physical phenomena connected 
with turbulent flows including those of the large flow structures (very large eddies) and 
very small flow structures (very small eddies) [88]. When the flow motion becomes 
substantially unsteady even, with constant boundary conditions, and the velocity and all 
other flow properties change with time, it is known as turbulent flow [89]; as can be 
seen in figures 5.1b and 5.2b. Turbulent flows are irregular, diffusive, rotational, 
dissipative and occur at high Reynolds numbers [90]. Among the important 
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characteristics of turbulent flows are their abilities to transport and mix fluids more 
effectively than laminar flows, and also that the fluid velocity field varies significantly 
and irregularly in both position and time [91].  
Turbulence is a property of the flow, not the fluid, where the flow originally is 
laminar, then the turbulence regime comes from the instabilities that develop as the 
Reynolds number increases [92]. Lesieur[93], defines turbulent flow as a flow which is 
disordered in time and space and able to mix transport quantities. Scientists, engineers 
and applied mathematicians have developed analytical methods (models) to predict the 
flow fields of practical devices, these models can be solved in computational fluid 
dynamics codes [94]. Turbulent flows are known by the movement of the velocity 
fields. This movement causes the transport parameters to fluctuate.  
As mentioned before in chapter one, for the flow inside cavities, the natural 
convection flow in an enclosed space can be dominated by the buoyancy forces. The 
strength of the buoyant flow can be measured using the Rayleigh number, which is the 
ratio of buoyancy forces and the viscous forces acting on a fluid ^	 = 3∆$/2 ∝`. 
The value of the Rayleigh number can indicate whether the flow can be considered as 
laminar or turbulent [2]. The Rayleigh number is the product of Grashof and Prandtl 
numbers. It plays the same role in natural convection that the Reynolds number plays in 
forced fluid flow. Also as mentioned in chapter two, inside square and rectangular 
enclosures transition from laminar to turbulent flow occurs when the Rayleigh number 
is greater than one million [2, 95].  
 
5.2 Turbulence models 
The fluctuation of momentum and energy is computationally expensive to be directly 
simulated. Therefore, the governing equations can be time averaged to produce a set of 
modified equations containing additional unknown variables that need to be solved 
using the turbulence models. This process is known as the Reynolds Averaging Navier-
Stokes equations (RANS). In this process the turbulent averaging is introduced to obtain 
the laws of motion for the mean turbulent quantities [96]. For example the turbulent 
velocity as shown in figure 5.1b can be defined as the following equation [97, 98]: 
 % = %~ + %ò                                                                                                                                   ^1` 
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Where % is the x component velocity, %ò is the fluctuating velocity and %~ is the mean 
velocity which can be defined as the following equation: 
 
 
 
 
 
 
 
 
 
 
 
                              (a)                                                                    (b) 
 
Figure 5.1 Velocity at point x a)- Laminar flow and b)- Turbulent flow 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
   (b) 
Figure 5.2 Velocity profiles a)- Laminar flow and b)- Turbulent flow 
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%~ = 1∆$ Ô %òÆ
aQb∆F
aQ
                                                                                                                        ^2` 
Where Æ is the starting time and ∆$ is the interval time of change. 
Substituting these equations into the instantaneous continuity and momentum 
equations producing additional terms represent the effect of turbulence. These 
additional terms called Reynolds stress (−/¾%óòô %õòô ), these terms must be modelled to 
close the problem. 
The Boussinesq approach is used to model the Reynolds stresses related to mean 
velocity gradients as 
Reynolds Stresses = −/¾%óòô %õòô = 0a ¥¹%¾¹+Ó + ¹%Ó¹+¾§                                                            ^3` 
 
This approach is used in many turbulent models including the RNGk-ϵ model which 
used in the present study. 
The numerical solution starts from dividing the domain into sub-volumes called cells 
and for which algebraic equations are written which derived from the exact partial 
deferential equations. Then these algebraic equations are solved for the values of the 
dependent variables at a discrete number of positions in the domain (the cell centre 
positions). This process of changing the partial deferential equations to algebraic 
equations is called discretisation.  
One process of replacing the exact unsolvable equations by approximate solvable 
equations is called modelling [99]. The main task of turbulent modelling is to develop 
computational procedures to predict the extra Reynolds stresses results from the time 
averaging of the transport equations [89]. There is no single turbulence model that can 
be used for all different classes of problems and that selected will depend on the physics 
of the flow. Therefore to solve the turbulent fluid flow and heat transfer problems, using 
the Fluent CFD software package, it is necessary to use and choose a suitable turbulent 
model. 
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5.3 The RNG k-ϵ turbulent model and the free convection in 
cavity 
The system that was solved in this research is shown schematically in Figure 5.3. 
This is the two dimensional flow of an ideal gas in a rectangular enclosure of height H 
and length L. The two vertical hot and cold walls are heated isothermally and the other 
two (horizontal) walls are adiabatic. To simplify the problem and focus on the heat 
transfer between the hot and cold walls the adiabatic wall surfaces are taken to have a 
zero emissivity, which is similar to a highly shiny, insulated surface. The turbulent flow 
in the enclosure is analysed using the commercial code (FLUENT 6.3) and by using the 
RNG k-ϵ model with the Boussinesq approximation for the density [55]. 
The RNG k-ϵ model was derived using a rigorous statistical method (called 
renormalization group theory) [55, 80]. It involves improvement of the accuracy of the 
k-ϵ model for rapidly strained flows by adding another term to the ϵ equation, and 
enhancing its accuracy in swirling flows by including the effect of swirl on turbulence. 
It also accounts for low-Reynolds numbers effects by providing an analytical 
differential formula for effective viscosity, which depends on an appropriate treatment 
of the near wall region [55]. These features make the RNG k-ϵ model more accurate and 
reliable for a wider class of fully enclosed airflows than the standard k-ϵ model. Also as 
it has been shown in chapter two that many researchers [56, 59-62] compared up to 
eight turbulent models for a wider class of a fully enclosed airflows; they found that the 
RNG k-ϵ turbulent model gives better and more acceptable results compared to the other 
turbulent models. 
For these reasons the RNG k-ϵ model was chosen for the work described in this 
thesis.  
 
5.3.1 Mathematical model 
5.3.1.1 Governing equations 
For the case of flow with heat transfer, FLUENT solves conservation equations for 
mass, momentum and energy equations. Also, the additional transport equations for the 
case of turbulent flow are involved in the solution, which is turbulent kinetic energy and 
turbulent dissipation equations. In this case, which is the turbulent heat transfer inside a 
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cavity, the equations used by the RNG k-ϵ model in the steady two dimensional 
Cartesian coordinates [55, 89, 100] are given as below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Schematic diagram of the rectangular enclosure 
 
Continuity equation 
The continuity equation is a differential equation that describes the conservation of 
mass. The general form of the continuity equation for a steady two dimensional 
turbulent flow is: 
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¹^/%`¹+ + ¹^/Ã`¹, = 0                                                                                                                     ^3` 
Where / is the fluid density, % is the x velocity and Ã is y velocity components. 
 
Momentum equations 
From Newton’s second law the rate of change of momentum of a fluid particle equals to 
the sum of the forces on the particle. In the case considered here, the general form of the 
momentum equation in the x and y coordinates for a turbulent flow is: 
 
x-component of the momentum equation ¹^/%%`¹+ + ¹^/%Ã`¹, = − ¹¹+ + ¹¹, 0»ºº ¹%¹, + ¹Ã¹+ + ¹¹+ 20»ºº ¹%¹+                             ^4` 
 
Where  is the static pressure and 0»ºº is the turbulent viscosity. 
 
y-component of the momentum equation ¹^/%Ã`¹+ + ¹^/ÃÃ`¹, = − ¹¹, + ¹¹+ 0»ºº ¹Ã¹+ + ¹%¹, + ¹¹, 20»ºº ¹Ã¹,                                                                              +/3^$ − $`                                                                                     ^5` 
 
Where /3^$ − $` is the Boussinesq approximation for buoyancy, 3 is the thermal 
expansion coefficient and  is the gravitational acceleration. 
 
Energy equation 
From the first law of thermodynamics the rate of change of energy of a fluid particle is 
equal to the rate of heat addition to the fluid particle plus the rate of work done on the 
particle; from this the energy equation can be derived. In the case of turbulent heat 
transfer in a two dimensional cavity the energy equation is: 
 ¹^/%$`¹+ + ¹^/Ã$`¹, = ¹¹+ »ºº ¹$¹+ + ¹¹, »ºº ¹$¹, + -.                                        ^6` 
 
Where  is the specific heat, $ is the temperature and »ºº is the effective 
conductivity and it equal to ^ + a` where ais the turbulent thermal conductivity. 
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By omitting the species diffusion and viscous dissipation terms, where the species 
diffusion is omitted because there is no combustion in this case and the viscous 
dissipation is neglected as no diffusion occurs and it depends on the value of Brinkman 
number 
Viscous heating can be neglected if the Brinkman number, Br is less than unity. 
?@ = 0ðþ$ ^7` -.in this case represents the radiation source terms, which will be discussed later. 
 
Turbulent kinetic energy equation 
The derived transport equations of the RNG k-ϵ model for the turbulent kinetic energy ^` and its dissipation rate ^` are: 
 ¹^/%`¹+ + ¹^/Ã`¹, = ¹¹+ m∝] 0»ººo ¹¹+ + ¹¹, m∝] 0»ººo ¹¹, + G] + G − /         ^8` 
 
Dissipation rate equation 
The kinetic energy of turbulent motion is dissipated into heat under the influence of 
viscosity [97]. The dissipation rate ^` of the turbulent kinetic energy ^` is: ¹^/%`¹+ + ¹^/Ã`¹, = ¹¹+ m∝ 0»ººo ¹¹+ + ¹¹, m∝ 0»ººo ¹¹,                                                 
                                        +  ^G] + G` − ∗ /                                                         ^9` 
 
Where the effective viscosity is calculated from 
In the low Reynolds limit        MC]√A = 1.72 (L9bW  ,  = A	

A  
Where  ≈ 100 
In the high Reynolds limit           0a = /A ]C  
Where A = 0.0845 
 
The inverse effective Prandtl numbers ∝] and ∝ are calculated using the following 
analytical formula 
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ì ∝ −1.3929∝t− 1.3929ìt.s ì ∝ +2.3929∝t+ 2.3929ìt.s = 0Ñ½0»ºº  
Where ∝t= 1.0. In the high Reynolds limit       AQA	

 ≪ 1 , ∝]=∝≈ 1.3929  
Turbulent productionG] = A ÇhéÇµê + ÇhêÇµé ,   
Generation of turbulence due to buoyancy G = 3¾ AÄ# ÇFÇµé, 
Where c@a = ∝ ,and with ∝t= 1/c@ 
The addition term to the turbulent dissipation rate to account for the effects of rapid 
strained and streamline curvature flows∗ =  + WML9 QbHL   , 
 = - ],  = 4.38, 3 = 0.012 
Effect of buoyancy on the turbulence dissipation rate  = Æ
ℎ "h,  
The effective thermal conductivity  »ºº =∝ 0»ºº 
The RNG k-ϵ model employs values of the following constants:  = 100,      = 4.38 ,          A = 0.0845,        = 1.42,       = 1.68               
 
In the case of calculating ∝for  »ºº , ∝t= 1/c@. 
 
5.3.1.2 Treatment of the near wall 
In the near wall region, the solution variables change greatly with large gradients and 
the turbulent flows are significantly affected. Near walls, the viscous damping reduces 
the tangential velocity fluctuations and the kinematic blocking reduces the normal 
fluctuations. Away from the near wall region, the turbulence is significantly increased 
due to the severe gradient of the mean velocity. The numerical solutions are highly 
affected by the near wall region as the wall is the main source of turbulence. Therefore, 
to successfully determine and predict this turbulent flow, precise representations of the 
flow in the near wall region were needed [55]. 
The turbulent model described above is valid for turbulent flows far from walls. 
Therefore special considerations are needed to make this model appropriate for flows 
near walls. The near wall region can be divided into three layers as shown in Figure 5.4. 
The first one very close to the wall called “viscous sub-layer “, the flow here is 
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influenced by the viscous effects. The second layer is between the viscous sub-layer and 
the fully turbulent layer called “buffer layer”, where both the turbulence effects and 
viscous effects are important. The third layer is the fully turbulent layer and it comes far 
from the wall and after the first and second layers; in this region, turbulence is dominant 
and plays the major role [101].  
 
 
Figure 5.4 The three layers near the wall region 
 
There are two approaches to represent and solve the flow in the near wall region. In 
the first approach, the first two layers near the wall, which are the viscous sub-layer and 
the buffer layer are not resolved. For this approach, the turbulence model does not need 
to be modified to account the near wall region, where semi-empirical formulas called 
“wall functions” are used to bridge or link the solution variables of the viscosity 
affected region between the wall and the fully turbulent region [102, 103]. For the 
second approach, the turbulence model needs to be modified to account and resolve the 
viscous sub-layer and the buffer layer using a sufficiently dense mesh resolution. The 
two approaches of near wall solutions are represented schematically in Figure 5.5. So, 
to represent and capture the critical importance of the buoyancy flow features in the 
simulation model used in this study, the two-layer model (which is the second 
approach) was employed for the near-wall treatment with the RNG k-ϵ model. In this 
u
+
lny+
Viscous sublayer Buffer layer Fully turbulent region
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model the domain is divided into two main regions, a viscosity affected region and a 
fully turbulent region. Where the two regions are determined by the value of a wall 
distance called “turbulent Reynolds number”.  
 
	nl = /√,0                                                                                                                                ^10` 
Where y is the normal distance from the wall at the cell centres. 
 
 
 
 
 
 
 
 
                         Wall function approach                 Two-layer model approach 
 
Figure 5.5 Near wall treatment 
 
The near-wall grid can be checked by calculating the value of ,b equation (11) or the 
value of turbulent Reynolds number equation (10). As it can be seen from equations 10 
and 11 both ,b and 	nl are geometrical quantities and also both solution dependent. 
Each of them has special strategies that need to be followed to know the accuracy of the 
results and to check the grid used. 
 
,b = /%&,0                                                                                                                                   ^11` 
Where, u = (τ)/ρ is the shear velocity and τ) is the local wall shear stress. 
 
Depending on the value of turbulent Reynolds number the fully turbulent region 
which starts at Re > 200 is solved using RNG k-ϵ model, while in the viscous-affected 
near-wall region at Re < 200 is solved using the one equation model of 
Wolfstein[104]. 
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The one equation model keeps the momentum equations and the turbulent kinetic 
energy equation the same while: 
The turbulent viscosity is computed from 
0a = /A√ℓA                                                                                                                            ^12` 
 
The dissipation rate is computed from 
 = LCℓ                                                                                                                                           ^13` 
Where the length scales are computed from [105] 
ℓA = ½, ¨1 − n+ ¥− 	nl³A §©                                                                                                 ^14` 
ℓ = ½, 1 − n+ − 	nl³                                                                                                   ^15` 
The model constants are ½ = A9L\, ³A = 70 and ³ = 2½ 
 
5.3.1.3 Radiation model 
The Discrete Transfer Radiation Model (DTRM), which is used in the present study, 
is a relatively simple model which, is used for calculating radiation and can be used 
both with and without participating fluid. It applies to a wide range of optical 
thicknesses, and its accuracy can be increased by increasing the number of rays [55]. 
The model calculates the change in radiation intensity, dI, along a path ds. 
 ¤  + 
 = 
5$Ø                                                                                                                        ^16` 
Where 
is the gas absorption coefficient and I the radiation intensity. 
Equation 16 is then integrated along a series of rays emanating from boundary faces so 
that the radiation intensity is: 
 
^¤` = 5$Ø ^1 − n9` + n9                                                                                           ^17` 
Where  is the radiant intensity at the start of the incremental path, which is determined 
by the appropriate boundary conditions. 
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θ 
Φ 
P 
The ray tracing technique used in the DTRM can provide a prediction of radiation heat 
transfer between surfaces without explicit view factor calculations. The accuracy of the 
model depends on the number of rays traced and the computational grid [55]. 
The ray paths are calculated and stored before the flow calculations. At each radiation 
face the rays are calculated for different values of the polar angles θ and Φ. Where, θ is 
from 0 to  and Φ from 0 to 2Ø as seen in Figure 5.6. Each ray is then traced to 
determine the control volumes it intercepts as well as its length within each control 
volume. This information is stored in a file and it must be read in before the flow 
calculations start.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Angles θ and Φ about a point P. 
 
For the ray tracing method, the incident radiation heat flux on a wall surface is 
 
·¾   = Ô ¾ -. . t Ω                                                                                                             ^18` 
Where, ¾  is the intensity of the incoming ray,- is the ray direction vector and n is the 
normal pointing out of the domain. 
The net radiation heat flux from the surface is the sum of the reflected portion of ·¾  
and the emissive power of the surface: ·ha = ^1 − 4<`·¾ + 4<5$<                                                                                                 ^19` 
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Where, $< is the surface temperature of the point P on the surface and 4< is the wall 
emissivity from the boundary condition. Equation 19 is used in the prediction of the 
wall surface temperature $< and also provides the boundary radiation intensity as: 
 
t = ·haØ                                                                                                                                      ^20` 
 
5.3.2 Boundary conditions 
5.3.2.1 Model inputs 
For the case of turbulent flow, as in this study, the turbulent portion of the viscous 
model menu is activated, which in this case is the RNG k-ϵ model. The flow involves 
the walls; so in this case, the two layer model is chosen as a near wall treatment. In the 
model options, the differential formula for the effective viscosity model is selected to 
include the low-Reynolds number effects. 
The effect of swirl on turbulence is included in the RNG model, enhancing accuracy for 
swirling flows. The RNG model provides an option to account for the effects of swirl or 
rotation by modifying the turbulent viscosity appropriately. Depending on whether the 
flow is swirl-dominated or only mildly swirling, some swirl flow options in the RNG 
model need to be modified [55].  
The boundary condition for the turbulent kinetic energy and turbulent dissipation rate at 
the walls are taken by default by FLUENT and they must only be provided in the cases 
that have inlet boundaries. Using the segregated solver, Fluent under-relaxes the energy 
equation using the defined under-relaxation parameter which is one as a default value. 
In the cases where the energy field impacts the fluid flow via temperature dependent 
properties or buoyancy the under-relaxation factor should be in the range of 0.8-1.0 
[55], as in this study, where the under-relation factor for energy is defined as 0.8. 
The buoyancy forces which drive the flow due to the density variations in a natural 
convection can be either included or ignored in the turbulent model by examining the 
ratio between the Grashof and Reynolds numbers 
 G#	» = ∆/ℎ/Ã                                                                                                                                ^21` 
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When this number approaches or exceeds one, a strong buoyancy contribution can be 
expected in the flow. On the other hand when this number is quite small, the buoyancy 
effects may be neglected in the simulation. To include the buoyancy effects in the RNG 
k-ϵ model, the gravity in the FLUENT operating conditions panel should be turned on 
and gravitational acceleration should be entered in the appropriate Cartesian coordinate 
direction. The generation of turbulent kinetic energy due to buoyancy is included by 
default while the effect of buoyancy on the turbulent dissipation rate needs to be 
included by activating the full buoyancy option under the viscous model menu. 
For the case of natural convection flow; using the Boussinesq model for density can 
accelerate the convergence. This model takes density as a constant value in all solved 
equations, except for the buoyancy term in the momentum equation, as it mentioned in 
chapter three. In the materials panel the Boussinesq model is selected as a method for 
the material density and the operating temperature in the operating condition panel was 
specified. Also in the materials panel, the thermal expansion coefficient and density 
were specified. For the case of heat transfer there are some options in the model that 
need to be activated, such as activate the calculation of energy equation. The boundary 
conditions at the walls need to be defined and finally the material properties need to be 
defined as constant or as a function of temperature. In this study the walls thermal 
conditions are set as constant temperatures and have a certain value of emissivity. The 
fluid properties are set as a function of temperature. The discretization methods are 
selected to be second order upwind scheme for both energy and momentum and 
PRESTO (pressure staggering option) for pressure.  
In the second order accuracy upwind scheme, quantities at cell faces are computed 
using a multidimensional linear reconstruction approach [55]. In this approach, using a 
Taylor series expansion of the cell centred solutions about the cell centroid, high order 
accuracy is achieved at the cell faces. The descretization of the convection term in 
momentum equation turns out to have a problem. This is because the level of the 
momentum in a cell is sensitive to the momentum upstream as the convection terms are 
concerned and if this is not represented in the descretization, numerical problems arise. 
The upwind scheme solves the problem by approximating the values at the cell faces in 
the convection terms by simply taking the value at the nearest cell centre upstream from 
the face. This is works brilliantly to stabilise the iteration process so that a converged 
solution to the discrete equations is easily reached. The second order upwind gives a 
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good accuracy and for the first order upwind need to have small grid size to have the 
same accuracy. 
The PRESTO discretization method for pressure is recommended [55], to be used 
when a quadrilateral or hexahedral mesh is used and also with using the segregated 
solver. The scheme uses the discrete continuity balance for a staggered control volume 
about the face to compute the staggered pressure. This procedure is similar to the 
staggered-grid schemes used with structured grids[55]. The scheme is well suited for 
steep pressure gradients involved in rotating flows. It provides improved pressure 
interpolation in situations where large body forces or strong pressure variations are 
present as in swirling flows. 
The compressibility effects are neglected because the flow has low velocity, low Mach 
number, (M<0.1) and the pressure variations is very small. Therefore the flow in this 
study is treated as incompressible. 
 
5.3.2.2 Turbulent simulations and grid generation 
In turbulent flow, especially in the near wall region, the solution variables change 
greatly and have large gradients. Therefore to successfully determine and predict the 
turbulent flow features with high accuracy, precise representations of the flow in the 
near wall region are needed [55].  
Turbulence has a strong interaction with the mean flow features, so, the turbulent 
flow results tend to be grid dependant. Thus, a sufficiently fine grid is needed in the 
regions where the mean flow features have severe changes.  
 
For the case of using the wall function approach to solve the near wall region, the 
value of   yb should be in the range  yb > 30~60. The wall function approach is still 
valid up to   yb > 11.225. When the mesh has a value of   yb < 11.225 FLUENT 
applies a laminar stress strain relationship instead of using the logarithmic law.  
 
The Low-Reynolds-Number method resolves the details of the boundary layer profile 
by using very small mesh length scales in the direction normal to the wall. Note that the 
low-Re method does not refer to the device Reynolds number, but to the turbulent 
Reynolds number, which is low in the viscous sub-layer. This method can therefore be 
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used even in simulations with very high device Reynolds numbers, as long as the 
viscous sub-layer has been resolved [55]. 
The computations are extended through the viscosity-affected sub-layer close to the 
wall. The low-Re approach requires a very fine mesh in the near-wall zone and 
correspondingly large number of nodes. Computer-storage and runtime requirements are 
higher than those of the wall-function approach and care must be taken to ensure good 
numerical resolution in the near-wall region to capture the rapid variation in variables 
[55]. 
For the case of using the two-layer turbulent model as in this study the dimensionless 
distance   yb must be  yb < 5 to get acceptable results [55]. For the ideal case, it should 
have at least 10 mesh cells inside the viscosity near wall region. In the present study all 
the simulations were in the range of   ,b < 5. 
 
5.3.2.3 Model convergence 
To accelerate the convergence of the model it is recommended to start with a laminar 
model then after it has converged somewhat, turn on the turbulent model. Changing the 
under relaxation factors for the energy and momentum equations also may result in 
faster convergence of the model. Solving the flow equations first by turning off the 
energy equation until the flow field solution has converged, then turning on the energy 
equation to complete the heat transfer solution that will accelerate the solution. The 
convergence can be judged by monitoring some important parameters, solution 
residuals and checking the heat balance through all boundaries. 
For the cases of high Rayleigh numbers and to speed the convergence, it is 
recommended to start with lower value of Rayleigh number and then run the simulation 
until convergence by using the first order scheme, then the resultant data of low 
Rayleigh number can be used as an initial guess for the high Rayleigh number. 
Convergence can then be achieved by changing to the second order scheme. 
 
5.3.2.4 Grid formation 
For the models used in this study, different non-uniform mesh sizes were used as 
shown in Figure 5.7 for aspect ratio equal four, Figure 5.8 for a square enclosure and 
Figure 5.9 for aspect ratio equal to a quarter. These have a sufficiently fine grid near the 
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walls and a relatively coarse grid at the core, to get acceptable results while keeping the 
total grid size down.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Non-uniform grid used in the simulation model for aspect ratio four 
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Figure 5.8 Non-uniform grid used in the simulation model for square enclosure 
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Figure 5.9 Non-uniform grid used in the simulation model for aspect ratio quarter 
 
The grid size for the square enclosure varied from 67×67 up to 200×200 for the three 
different groups (where, the first group is for different cold wall temperatures, the 
second group for different enclosure sizes and the third group for different gas 
properties). While the non-uniform grid size for the rectangular enclosure, was from 
100×19 for the aspect ratio equal to 16 up to 100×400 for an aspect ratio of 0.0625. The 
height of the enclosure was kept the same for all aspect ratios. 
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5.3.3 Grid independence 
The grid independence has been studied for the case of an absoluteabsolute 
temperature ratio of T = 2.6 and an enclosure size of 240cm square using Hydrogen as 
a working fluid. The analysis was done for three non-uniform grid patterns 80×80, 
100×100 and 150×150 nodes, taking the total average Nusselt number as the parameter 
to be compared.  
 
The average values of Nusselt numbers were 286.3, 281.71 and 280.5 and the 
maximum values of yb were 5, 2.25 and 0.9 for the three grids respectively. So, the 
maximum error for the average Nusselt number which calculated at yb = 5 (which is in 
the present study range) and grid pattern 80×80 is 1.6% and 2% compared to the 
average Nusselt numbers at yb = 2.25 and 0.9 and grid patterns 100×100 and 150×150 
respectively. Hence, the maximum error in the present study will be less than 3% due to 
the mesh size employed. 
The grid independence has been studied also for the case of a rectangular enclosure 
and an absoluteabsolute temperature ratio of T = 2.6 and an enclosure aspect ratio 16 
using Air as a working fluid. The analysis was done for three non-uniform grid patterns 
100×19, 150×29 and 200×39 nodes, taking the total average Nusselt number as the 
parameter to be compared. The results varied by less than 1.2%. So the grid sizes 
mentioned in grid formation section 5.3.2.4 were used for both square and rectangular 
enclosures. These have values of yb ≤ 5. 
 
 
5.4 Model validation 
To validate the computational model described above, the average Nusselt number 
results of the numerical solutions found in the present study have been compared with 
the predicted results of Markatos and Pricleous[95]. The results are also compared with 
the correlation equation obtained from the experimental results by Elsherbiny et al. [7], 
these are all displayed in Table 5.1, where it can be seen that the present results are 
more consistent with the experimental correlation than the other numerical results [95].  
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Table 5.1Comparison of average Nusselt number for natural convection in a square 
enclosure 
Ra Present results Elsherbiny et al. [7] Markatos and Pericleous[95] 
108 31.42 28.78 38.06 
109 66.16 62 74.96 
1010 135.15 133.57 159.89 
 
For further validation of the model used, the problem of natural convection without 
radiation interaction in a square enclosure was solved for a high Rayleigh Number 
(5x1010). The results were compared with the experimental results provided by both 
Cheesewright et al. [58] and King [57] and also with a reference solution from 10 
research groups provided by Heneks and Hoogendoorn[15] as shown in Table 5.2. The 
results were compared for the average Nusselt number and for the local Nusselt number 
at the mid height of the enclosure. It can be seen from Table 5.2 that the present results 
agree better with the average value of the experimental results of [57, 58] than the 
reference solution [15]. 
 
Table 5.2 Average and mid height Nusselt number for natural convection in a square 
enclosure at Ra=5×1010 as a comparison with reference and experimental results. 
Quantity Present 
results 
Reference solution 
[15] 
Experimental results 
[57, 58] 
Average Nu 194.9 256 154-210(average=182) 
Mid height Nu 205 261 133-241(average=187) 
 
 
5.5 Numerical results 
The numerical calculations and results using the RNG k-ε model for square and 
rectangular enclosures are discussed in detail in this chapter. The calculations are 
established for a wide range of different temperatures, enclosure sizes and gases with 
and without radiation interaction. The numerical results are explained and discussed in 
two main categories: the first category comprises square enclosures and the second are 
rectangular enclosures.  
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Under each of these two main categories the numerical results are discussed and 
explained using two other categories, which are pure natural convection and natural 
convection with radiation interaction. Also in this chapter the 3D numerical results are 
explained for the thermal results and velocity and turbulent intensity profiles which will 
be discussed and compared with the experimental results in the next chapter. 
 
5.5.1 Square enclosure 
The interaction effects of turbulent natural convection with and without surface 
thermal radiation on fluid flow in a square enclosure are studied in detail. The study has 
been carried out over the following range of parameters, cold wall temperature, 
$ = 283 Æ{ 373, enclosure size: 40cm square to 240cm square and with different 
gases including: Argon, Air, Helium and Hydrogen.  
In order to make the preceding analysis more useful and general, a large number of 
simulations were performed to extract the numerical relationship between the 
dimensionless numbers. To this end, the interaction effects of turbulent natural 
convection with and without surface thermal radiation on fluid flow in a square 
enclosure are studied in detail. 
The results are divided to three groups: 
1. different cold wall temperatures (ranging from 283 to 373K), 
2. different enclosure sizes (ranging from 40cm square to 240cm square) and 
3. different gas properties (Argon, Air, Helium and Hydrogen). 
For all of the three groups the ratio between the hot and cold wall temperatures was in 
the range of ($# = FiFP = 1.02 Æ{ 2.61) and the modelling was conducted with all the 
fluid properties as a function of temperature.  
 
5.5.1.1 Pure natural convection inside a square enclosure 
The turbulent natural convection without radiation interaction in the square enclosure 
has been analysed and investigated numerically. The average Nusselt number at each 
absoluteabsolute temperature ratio for each case in the three different groups was 
reported.  
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The numerical results of the three different groups for the calculated average Nusselt 
number inside square enclosure are shown in figure 5.10. From the figure it can be seen 
that the average Nusselt number increases as a function of absoluteabsolute temperature 
ratio $#up to a certain value of $#(which is around 1.2) then it starts to slightly decrease. 
Also from Figure 5.10-a, the values of average Nusselt number are very close for the 
different fluids and the deviation between them was less than 7%. More over from 
Figures 5.10-b and 5.10-c it can be seen that the Nusselt number increases as the size of 
the enclosure increase and decreases as the temperature increase. 
 
5.5.1.2 Natural convection with radiation in square enclosure 
Turbulent natural convection with radiation interaction in square enclosures has been 
analysed and investigated numerically. Figure 5.11 shows the numerical results of the 
relationship between (Qconv/Qrad) and ($# = FiFP ) (the ratio between hot and cold wall 
temperatures) for the three different groups. It can be seen from the Figure that, as the 
$# increases the (Qconv/Qrad) increases at the same time up to a value of $# which is 
around 1.2. Then for $# > 1.2, the (Qconv/Qrad) decreases as $# increases. This means 
that as $# increases up to $# = 1.2, convection increases more than the radiation heat 
transfer for all groups, then radiation heat transfer become dominant and as $# > 1.2the 
radiation increases more than the convection and the ratio (Qconv/Qrad) decreases.  
 
This trade off in heat transfer modes occurs because increasing the temperature will 
increase the viscosity of the fluid which will slow down the velocity in the hot wall 
region, this result in a reduction of the convection heat transfer. At the same time, 
increasing the temperature will increase the thermal conductivity which results in an 
increase of the convection heat transfer. It can be seen from Figures (5.11-a) and (5.11-b) 
increasing the temperature and the size will increase the radiation more than the 
convection heat transfer, this results in a decrease of the overall trend of (Qconv/Qrad)  as a 
function of $#. This is because the radiation heat transfer is a function of T4 and the 
convection heat transfer is a function of T. Furthermore as shown in Figure (5.11-c), 
increasing the thermal conductivity from 0.017 for Argon to 0.18 for Hydrogen will 
increase the convection heat transfer results increasing the overall of (Qc/Qr) as a function 
of$#. 
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(a) 
 
(b) 
 
(c) 
Figure 5.10 The average Nusselt number (for 3 × 10 ≤ 	
 ≤ 9.3 × 10) and as a 
function of absolute temperature ratio for different (a) Fluids, (b) enclosure sizes and (c) 
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(a) 
 
(b) 
 
(c) 
Figure 5.11 Relation between Qc/Qr with respect to Th/Tc (for 3 × 10 ≤ 	
 ≤ 9.3 ×10) and for different (a) Cold wall temperatures, (b) Enclosure sizes and (c) Gases. 
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The relation between the ratio of (Ra1/3/Nu) and the absolute temperature ratio Tr has 
the same trend as the relation between (Qconv/Qrad) and Tr, as shown in Figure (5.12). 
This is because both of these two relations, [(Qconv/Qrad) and (Ra1/3/Nu)], are increasing 
as a function of T and decreasing as a function of T4. From Figure (5.12) it can be seen 
that, as the absolute temperature ratio increases, the ratio Ra1/3/Nu increases until it 
reaches a value of $# of 1.2 which is the same as before. After that, as $# increases, the 
ratio of Ra1/3/Nu decreases. This is because increasing the temperature will increase the 
dynamic viscosity and thermal conductivity linearly and decrease the density linearly; 
this causes the kinematic viscosity (υ) to increase quadratically (i.e. function of T2); 
because it is a function of dynamic viscosity and density, ^ = 0//`. This results in a 
linear increase of the Nusselt number and a decrease of Rayleigh number as a function 
of 1/υ2, which means that the Rayleigh number decreases as a function of T4.  
From Figure (5.12-a) it can be seen that increasing the cold wall temperature will 
decrease the overall trend of Ra1/3/Nuwith $#. Also from Figures (5.12-b) and (5.12-c), 
increasing the enclosure size and the gas properties (such as thermal conductivity and 
kinematic viscosity), results in an increase of the overall trend of Ra1/3/Nu with respect 
to Tr. 
Also from figure (5.12) and as mentioned in chapter 4 section 4.3.1, the relation 
between Nusselt number in the natural convection heat transfer is not only function of 
Grashof and Prandtle numbers it is also function of temperature ratio. However, without 
using the temperature ratio it is impossible to collapse the results shown in figure 5.12. 
 
Each set of curves in figure 5.11 has collapsed into a single curve by using some 
exponents of the variables as conversion parameters. This can be seen by comparing 
Figure (5.11) and Figure (5.13). Where from Figures (5.11-a) to (5.13-a), the curves of 
the different cold wall temperature group collapsed into a single curve using only the 
cold wall temperature as a conversion factor. The same sort of results were obtained for 
the second and third groups by using different variables as conversion parameters, as 
shown in Figures (5.11-b) and (5.13-b) and Figures (5.11-c) and (5.13-c). From the 
similarity of the relationship of (Qconv/Qrad) as a function of $# it was possible to 
collapse these three groups into a single curve. 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 5.12 Relation between Ra1/3/Nu with respect to Th/Tc (for 3 × 10 ≤ 	
 ≤ 9.3 ×10) and for different (a) Cold wall temperatures, (b) Enclosure sizes and (c) Gases. 
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(a) 
 
(b) 
 
(c) 
Figure 5.13 Resultant collapsed curves (for 3 × 10 ≤ 	
 ≤ 9.3 × 10) and for 
different (a) Cold wall temperatures, (b) Enclosure sizes and (c) Gases. 
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5.5.2 Rectangular enclosure 
The interaction effects of turbulent natural convection with and without surface 
thermal radiation on fluid flow in a rectangular enclosure are studied in detail. 
The results include two cases of analysis; first for pure natural convection and second 
for natural convection with radiation. 
For the two cases the ratio between the hot and cold wall temperatures was in the range 
of ($# = 1.02 Æ{ 2.61) and the modelling was conducted with the fluid properties as a 
function of temperature.  
 
For the case of natural convection with radiation interaction, shown in Figure 5.14-a, 
5.14-b and 5.14-c the velocity contours, stream lines and isothermal lines for the aspect 
ratios 16, 8, 4, 2, 1.5, 1.0, 0.75 and 0.5; These have been scaled horizontally so that they 
are all the same width.  It can be seen that there are three flow regimes: 
 
1. From an aspect ratio greater than 1.5 up to 16 (and probably beyond), 
2. The second one (transitional) regime is between aspect ratios of 1.5 and 
0.75 and 
3. The third regime is from an aspect ratio less than 0.75 down to 0.0625 (and 
again probably beyond). 
 
For the first regime it can be seen from Fig. 5.14-a that the unsteady eddies observed at 
the top of the hot wall and at the bottom of the cold wall increase in size as the aspect 
ratio increases and the flow on the two vertical walls tends to exert more force on the 
stratified core. The core shrinks as the aspect ratio increases and the stream lines, as 
well as the isothermal lines, vary from the horizontal until they disappear. By now, the 
two boundary layers of the hot and cold walls merge together and the conduction heat 
transfer become dominant.  
In the second flow regime the two hot and cold walls have balance effects on the core 
and show stratified transient flow in the core; this can be seen clearly from the stratified 
stream lines and isothermal lines as in Figures 5.14-b and 5.14-c. The core in the third 
flow regime can be seen in Figure 5.14 to be unaffected from the two hot and cold walls 
flow boundary layers and the convection heat transfer becomes dominant as the 
radiation dramatically decreases with the decrease of aspect ratio.  
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0.5 0.75 1 2 4 8 16 
 
 
(a) Velocity contours 
 
(b) Stream lines 
(c) Isothermal lines 
Figure 5.14 Flow profiles for aspect ratios 16, 8, 4, 2, 1.5, 1.0, 0.75 and 0.5 a) Velocity 
contours, b) Stream lines and c) Isothermal lines, the red colours means the maximum 
value for velocity or temperature and the blue colour is the minimum value. 
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According to the numerical results of the rectangular enclosure with different aspect 
ratios in this study, the flow could be divided into two regimes, where the second 
(transition) regime could be included into other two regimes: 
1. Regime one starts from square to tall enclosures for aspect ratio ranging 
from 1 to 16, 
2. Regime two starts from square to shallow enclosures for aspect ratio ranging 
from 1 to 0.0625. 
 
5.5.2.1 Pure natural convection inside rectangular enclosure 
The convection heat transfer decreases as the aspect ratio increases or decreases from 
the unity, Bejan[19] mentioned the same for laminar pure natural convection. This 
means that convection heat transfer decreases for both tall and shallow enclosures 
compared to the square enclosure. 
Figure 5.15 shows the relation between average Nusselt number of pure natural 
convection and absolute absolute temperature ratio $# for the two regimes. It can be 
seen from the figure that; as $# increases the average Nusselt number increases at the 
same time up to a certain value of $# (which is around 1.2 for both regimes) then it start 
to slightly decrease. Also from the figure, the trend of the Nusselt number increasing as 
the aspect ratio decreases.  
 
5.5.2.2 Natural convection with radiation in a rectangular enclosure 
The numerical results for a natural convection with radiation in rectangular enclosure 
(for a fixed cavity height) shows that, radiation heat transfer is directly proportional to 
the aspect ratio, which means that radiation heat transfer increases with increasing 
aspect ratio. 
Figure 5.16 shows the relation between (Qconv/Qrad) and ($#) for the two regimes. It 
can be seen from the Figures that; as $# increases, (Qconv/Qrad) increases at the same 
time up to a value of $# which is around 1.2. Then for $# > 1.2, (Qconv/Qrad) decreases 
as $# continues to increase. This means that as $# increases, convection increases more 
than radiation heat transfer up to a $# of 1.2 for both regimes. At temperature ratios 
greater than 1.2, the radiation heat transfer becomes dominant, i.e. the radiation 
increases more rapidly than the convection and the ratio (Qconv/Qrad) decreases. Also 
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from Figure 5.16-a it can be seen that for the first regime as the aspect ratio increases, 
the ratio (Qconv/Qrad), as a function of $# has decreased slightly. On the other hand for 
the second regime, from Figure 5.16-b, as the aspect ratio decreases, the ratio 
(Qconv/Qrad) as a function of $#, increase dramatically.  
 
 
(a) 
 
(b) 
Figure 5.15 The average Nusselt number for rectangular enclosure as a function of 
absolute temperature ratio for a) first regime and b) second regime. 
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(a) 
 
 
(b) 
Figure 5.16 Relation between heat transfer ratio and absolute temperature ratio of: a) 
first regime (aspect ratios from 1 to 16), and b) second regime (aspect ratios from 
0.0625 to 1). 
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By using certain exponents of the variables as conversion parameters, each set of 
curves for the two regimes can be collapsed into a single curve. Also from the similarity 
of the relationships of (Qconv/Qrad) as a function of $# it is possible to collapse these two 
regimes with different cold wall temperatures, enclosure sizes and with different fluid 
properties into a single curve. 
 
5.5.3 The 3D numerical results 
In order to ensure that the 2D numerical calculations described above are plausible, 
they should be compared with the experimental results. As the experimental results are 
3D, the models that will be compared to the experimental ones must be run as 3D 
models. These calculations were performed for square and rectangular enclosures with 
three different aspect ratios 0.5, 1.0 and 2.0. Also the calculations were performed for 
different hot wall temperatures ranging from 50°C to 75°C with almost constant cold 
wall temperature at about 9°C. All the boundary conditions for the numerical simulation 
were selected to be almost the same as the experimental boundary conditions. The 
turbulent model used and its conditions were the same as that explained in detail earlier. 
 
The numerical calculations were performed using the ANSYS 13 workbench 
software. The different enclosure shapes were designed using the design model in the 
ANSYS 13 work bench and then a non-uniform mesh was created for each enclosure 
aspect ratio using the ANSYS mesh; after that the numerical calculations performed 
using FLUENT 13 in the ANSYS workbench. The velocity and turbulent intensity 
profiles were extracted in each aspect ratio and for each hot wall temperature for 
different enclosure heights at y/h equal to 0.19, 0.3, 0.5, 0.65 and 0.85 to be compared 
with the experimental results. 
In this section the 3D numerical results of the three aspect ratios and for the six hot 
wall temperatures were divided into two sections, first for thermal calculations and 
second for velocities and turbulent intensities profiles.   
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5.5.3.1 The 3D thermal results 
The thermal calculations were established for both square and rectangular enclosures 
as can be seen in figure 5.17, with three different aspect ratios (0.5, 1.0 and 2.0) and for 
hot wall temperatures ranging from 50°C to 75°C while the cold wall temperature was 
kept fixed at about 9°C. The Rayleigh number for the three aspect ratios was in the 
range of 9 × 10 ≤ 	
 ≤ 8 × 10. The thermal results show that the total heat transfer 
as a function of absolute temperature ratio increases linearly for the three aspect ratios 
as the absolute temperature ratio increase this can be seen clearly in figure 5.18. Also 
from this figure it can be seen that, as the aspect ratio increases, the overall trend of the 
total heat transfer increases as a function of temperature ratio.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 Schematic diagram for the three dimensional enclosure 
 
5.5.3.2 The velocity and turbulent intensities results 
The 3D numerical results provide velocity profiles for three aspect ratios at different 
enclosure heights. These velocity profiles will also be compared with the experimental 
results in the next chapters. To simplify the results the resultant velocity and turbulent 
intensity profiles are divided into two groups. The first group is for the velocity and 
turbulent intensity profiles for the two hot wall temperatures 60°C and 75°C which will 
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be shown and explained in this section for each aspect ratio. The other group includes 
the velocity and turbulent intensity profiles of the other hot wall temperatures 50°C, 
55°C, 65°C and 70°C are in appendix A.  
 
 
Figure 5.18 Total heat transfer inside the enclosure for aspect ratios 2, 1.0 and 0.5 
 
The grid independence study for the velocity profiles was performed using three 
different grid sizes. The three grids have different number of cells and the first cell at 
the near wall region for each of them has certain distances from the wall according to 
the value of the y+. The three grids have three values of y+ (<2.5, <1.4 and <0.8) 
respectively. The velocity profile at the mid-height was checked using the three 
different grids as it can be seen in figure 5.19. From the figure it can be seen that all the 
three grids have almost the same velocity profile. From the comparison of the three 
grids, the medium grid size was selected to be used in this study and compared with the 
experimental results because it has more velocity points near the wall than the first grid 
and less numerical cost than the third grid. 
The velocity profiles for the three aspect ratios (AR=2.0, 1.0 and 0.5) at different 
enclosure heights for the hot wall temperatures of 60°C and 75°C, are shown in figures 
5.20 to 5.25. From these figures it can be seen that at the hot wall side, the velocity 
value starts increase and reaches its maximum after a certain distance from the wall 
when it starts to decrease to its minimum; this is almost continuous for the whole 
enclosure core. 
 
0
20
40
60
80
100
120
140
160
180
200
1.14 1.16 1.18 1.2 1.22 1.24
T
o
ta
l 
h
e
a
t 
tr
a
n
sf
e
r 
(W
)
Th/Tc
Qtot(h-num)(AR=2.0)
Qtot(h-num)(AR=1.0)
Qtot(h-num)(AR=0.5)
91 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5.19 Velocity profiles at mid-height for aspect ratio 2.0 and 75°C hot wall 
temperature (a) between hot and cold walls, (b) near the hot wall and (c) near the cold 
wall 
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(a) 
 
 
(b) 
Figure 5.20 Velocity profiles for aspect ratio 2.0 and hot wall temperatures 60°C (a) 
between the two walls and (b) near the hot wall. 
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(a) 
 
 
(b) 
 
Figure 5.21 Velocity profiles for aspect ratio 2.0 and hot wall temperatures 75°C (a) 
between the two walls and (b) near the hot wall. 
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(a) 
 
 
(b) 
 
Figure 5.22 Velocity profiles for aspect ratio 1.0 and hot wall temperatures 60°C (a) 
between the two walls and (b) near the hot wall. 
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(a) 
 
 
(b) 
 
Figure 5.23 Velocity profiles for aspect ratio 1.0 and hot wall temperatures 75°C (a) 
between the two walls and (b) near the hot wall. 
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(a) 
 
 
(b) 
 
Figure 5.24 Velocity profiles for aspect ratio 0.5 and hot wall temperatures 60°C (a) 
between the two walls and (b) near the hot wall. 
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(a) 
 
 
(b) 
Figure 5.25 Velocity profiles for aspect ratio 0.5 and hot wall temperatures 75°C (a) 
between the two walls and (b) near the hot wall. 
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This velocity profile trend is the same for all enclosure heights and all aspect ratios. 
The same profile can be seen on the cold side where the velocity starts to increase to its 
maximum at a certain distance from the enclosure core; it then starts to decrease to a 
zero value at the wall. From the graphs it can be seen that the velocity values increase as 
the temperature increases for the same aspect ratio. Also from the figures, it can be seen 
that, at each aspect ratio the boundary layer thickness increases as the enclosure height 
increases until y/h becomes greater than 0.65 when the boundary layer thickness start to 
decrease. Moreover from the figures it can be seen that the velocity values increase as 
the enclosure height increases until y/h become greater than 0.5 when the velocity 
values start to decrease. Furthermore from the figures the velocity values increase as the 
aspect ratio increase. The maximum velocity for each aspect ratio occurs almost at or 
near the mid-height of the enclosure. The boundary layer thickness increases as the 
aspect ratio decrease. 
The 3D numerical results data for the velocity and turbulent intensity profiles along 
the vertical axis and near the hot side are established at a position of a maximum 
velocity and for two hot wall temperatures 70°C and 75°C. The velocity profiles near 
the hot wall are shown in figure 5.26. From this graph, it can be seen that the maximum 
velocity occurs near or at the mid height of the enclosure. Here the velocity starts to 
increase from the lower edge of the enclosure until it reaches its maximum value near 
the enclosure mid height, when it starts to decrease again. Also from this figure, it can 
be seen that the velocity values at the lower part of the enclosure are smaller than that at 
the upper part for all aspect ratios.  Moreover it can be seen from the figure the velocity 
profiles at the hot temperatures 70 and 75°C are quite similar for the three aspect ratios. 
The maximum velocity with an aspect ratio of 2.0 is greater than the other two aspect 
ratios. 
The 3D numerical results for the turbulence intensity for three aspect ratios and at 
different hot wall temperatures are again divided into the same two groups as the 
velocity profiles discussed above. The turbulence intensity profiles for the first group 
are shown in appendix A and that for the second group are shown in figures 5.27 to 
5.29. From the figures it can be seen that the turbulent intensity values start to increase 
gradually from the wall side until they reach a maximum value after a certain distance 
from the wall, when it starts to decrease to its minimum value. Also from the figures, it 
can be seen that, at the same aspect ratio, the turbulence intensity increases as the 
temperature increase also increases as the aspect ratio increases. 
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(a) 
 
(b) 
 
(c) 
Figure 5.26 Velocity profiles near the hot wall for aspect ratios a) 2.0, b) 1.0 and c) 0.5 
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(a) 
 
 
(b) 
Figure 5.27 Turbulent intensity profiles for aspect ratio 2.0 and for hot wall temperature 
a) 60°C and b) 75°C 
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(a) 
 
 
(b) 
Figure 5.28 Turbulent intensity profiles for aspect ratio 1.0 and for hot wall temperature 
a) 60°C and b) 75°C 
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(a) 
 
 
(b) 
Figure 5.29 Turbulent intensity profiles for aspect ratio 0.5 and for hot wall temperature 
a) 60°C b) 75°C 
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The turbulent intensity along the vertical axis and near to the hot wall at the position 
of maximum velocity is shown in figure 5.30. From this graph it can be seen that the 
maximum turbulence intensity occurs near the mid height of the enclosure, where the 
turbulence intensity starts to decrease until it reaches its minimum value near the 
enclosure edges. Also from this figure it can be seen that the turbulence intensity values 
for all of the results decrease as the aspect ratio increases or decreases from unity. 
Moreover from the figure it can be seen that the turbulence intensity at the lower part of 
the enclosure is much smaller than at the upper part. It can be seen from figure 5.30a 
that the turbulence intensity of the aspect ratio of 2.0 at the lower part of the enclosure 
has a constant and small value for the first 100 mm compared to the other two aspect 
ratios. 
 
5.6 Summary and Conclusions 
The turbulent flow and turbulence properties are discussed and explained in this 
chapter. The turbulent flow is generated from laminar flow when the flow starts 
fluctuating and this instability develops as the Reynolds number increases. In natural 
convection heat transfer the flow inside cavities is dominated by the buoyancy forces 
which measured using the Raleigh number and by which the flow is known as laminar 
or turbulent. Turbulence models are used to solve the time averaged governing 
equations to obtain the unknown variables. The different turbulence models used for 
different classes of problems depend on the physics of the flow for that problem. The 
RNG k-ϵ model was chosen to be used and analyse the turbulent flow inside the 
enclosure in this study. This turbulence model is sufficiently accurate and reliable for a 
wider class of fully enclosed air flows and was recommended by many researchers to be 
used in such flows. The governing equations and boundary conditions of the RNG k-ϵ 
model were discussed in detail in this chapter. The grid independence has been studied. 
The model used has been validated by comparison with previous experimental and 
numerical results and shown to be adequate for the purposes that follow. 
Also in this chapter, the numerical results of turbulent natural convection with and 
without the interaction of surface thermal radiation in square and rectangular enclosures 
have been analysed with different fluids, enclosure sizes, aspect ratios and cold and hot 
wall temperatures. The main conclusions from this section can be summarized as 
follows: 
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(a) 
 
(b) 
 
(c) 
Figure 5.30 Turbulent intensity profiles near the hot wall for aspect ratios a) 2.0, b) 1.0 
and c) 0.5 
0
0.5
1
1.5
2
2.5
3
3.5
0 0.1 0.2 0.3 0.4 0.5 0.6
Tu
rb
u
le
n
t i
n
te
n
sit
y 
(%
)
Distance Y beside the hot wall side (m)
Tint(x=04-Th=70)
Tint(x=04-Th=75)
0
0.5
1
1.5
2
2.5
3
3.5
0 0.1 0.2 0.3 0.4 0.5 0.6
V
er
tic
a
l v
el
o
ci
ty
 
(m
/s)
Distance Y beside the hot wall side (m)
Tint(AR=1.0-Th=70)
Tint(AR=1.0-Th=75)
0
0.5
1
1.5
2
2.5
3
3.5
0 0.1 0.2 0.3 0.4 0.5 0.6
Tu
rb
u
le
n
t i
n
te
n
sit
y 
(%
)
Distance Y beside the hot wall side (m)
Tint(AR=0.5-Th=70)
Tint(AR=0.5-Th=75)
105 
 
The Nusselt number as a function of absolute temperature ratio increases as the 
aspect ratio decreases. The average Nusselt number increases as the absolute 
temperature ratio increase up to a certain value of $# (which is around 1.2 for both 
regimes) then it start to slightly decrease.  
The new dimensional group as a function of absolute temperature ratio decreases 
slightly as the aspect ratio increases in the first regime and it increases dramatically as 
the aspect ratio decreases in the second regime. 
The ratio between the convection and radiation heat transfer is increased by 
increasing the absolute temperature ratio up to a absolute temperature ratio of 1.2; then 
this ratio starts to decrease. It was shown that the ratio between Rayleigh number and 
Nusselt number follows a similar trend.  
3D numerical calculations were conducted for square and rectangular enclosures 
with three different aspect ratios 0.5, 1.0 and 2.0 and for a hot wall temperatures ranging 
from 50°C to 75°. The results show that the total heat transfer increases as the 
temperature of the hot wall increase.  
More clear conclusions will be extracted when these numerical results are compared 
with the derived correlation equations and the experimental results in the next chapters. 
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CHAPTER 6  
Experimental Rig and Results 
 
6.1 Introduction 
In this chapter the description of the cavity, the thermocouples and data logger and 
the laser Doppler velocimetry will be discussed in detail. During the course of the 
experiments many modifications were made to the cavity to reduce the heat losses 
through the walls, to the hot and cold side loops to improve the control of the wall 
temperatures and in the laser Doppler velocimetry to improve the collected data by 
changing the controls and the seeder type and seeding time. 
In this chapter the description of experimental test rig and the results are divided into 
four sections. The first section deals with the cavity design and the description of how 
three aspect ratios 2, 1 and 0.5 were created. Also this section will include the 
description of the design of the hot and cold loops and their temperature control.  
 
The second section describes the thermal results which were collected using 
thermocouples mounted at the hot and cold sides. These results include the heat transfer 
calculations from the hot and cold sides and the heat losses through the walls for 
different temperatures and different aspect ratios.  
 
The final section describes the specifications of the laser Doppler velocimetry (LDV) 
and its use in a series of experiments. Also this section includes data collected using the 
LDV. These results are for the velocity and turbulent intensities profiles. The last 
section will be a summary and the conclusions of this chapter. 
 
6.2 Test cavity 
The cavity or the enclosure consists of six walls, a hot side, a cold side and four side 
walls. The cavity has three configurations; these three configurations form three 
different aspect ratios, and in each of them the only change in the enclosure design will 
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be the length of the top and bottom walls (the hot and cold sides will be kept fixed in 
size). The enclosure is designed using a polystyrene board of a 120mm thickness and 
two layers of cavity wall double insulation, one from inside and another layer from 
outside. The temperatures of the hot and cold side walls were controlled using PID 
controllers.  
 
6.2.1 Specifications and cavity design 
The cavity is designed using polystyrene boards of thickness 120mm as shown in 
figure 6.1. These boards were cut to different sizes to form the cavity shapes for 
different aspect ratios.  
 
 
 
Figure 6.1 Polystyrene board of thickness 120mm. 
 
As an example, the design of the cavity of aspect ratio 0.5 will be explained in detail 
here. The polystyrene boards come in a standard size of 2400x1200x120mm and to 
form the cavity of inside dimensions 600x1200x600mm the board was cut to the 
following sizes; four walls being 600x1220x120mm and four pieces being 
120x120x1220mm to form the four side walls. The base of the enclosure is connected 
and fixed to its size dimension using the steel frame with the hot and cold sides 
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connectedto them and to the lab fixed steel base. All the other walls are mounted and 
connected initially to each other using the duct tape. This can be seen from figures 6.2 
and 6.3 which show the cavity of aspect ratio 0.5 with the two hot and cold side walls.  
 
 
 
Figure 6.2 The polystyrene four side walls for aspect ratio 0.5 
 
The four side walls have aluminium foil stick on them from the inside to get a 
minimum emissivity on the inside surfaces of the enclosure. To fix tightly and remove 
the gaps between them the four side walls and the hot and cold walls, they were 
connected to each other using duct tape, and were gripped and connected to each other 
using a band clamp which can be seen in figure 6.4, this was to reduce the losses 
through the gaps between the walls to minimum. The heat losses are the heat transfer to 
the enclosure structure and then through the cavity walls or gaps to the surrounding air. 
The losses through the gaps between the walls were quite high (in some cases 
reaching more than 50% of the total heat transfer of the hot side). Later two additional 
layers of cavity wall double insulation were added to the enclosure walls to reduce these 
losses.The first layer was connected from inside of the enclosure where it fitted to the 
four sides of the enclosure from inside and was connected and sealed to the four edges 
of the hot and cold side walls, as seen in the schematic diagram figure 6.5. The second 
layer of the cavity wall double insulation was fitted and connected from outside of the 
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enclosure where it was fitted and connected to the six sides of the enclosure and covered 
the whole enclosure; this also can be seen again in figure 6.5.  
 
 
 
Figure 6.3 The cavity with aspect ratio 0.5 after assembling all the walls 
 
Using these two layers of cavity wall double insulation reduced the heat losses 
dramatically. For example, the heat losses for the case of an aspect ratio 2.0 were 
around 50% of the total heat transfer of the hot side; after using the two additional 
layers of cavity wall double insulation, the heat losses through the walls were reduced to 
less than 12.5% with a minimum of 5.3%.  
To this end these are promising results which giving a good thermal results with less 
heat losses compared to other researchers who struggled to get these low losses through 
the walls. King [57], report results from 7 experiments which show heat losses through 
the walls of between 22.8% and 48.0% with an average of 34.4%. In the present study 
the heat losses for 18 experiments were between 5.3% and 39.9% with an average of 
17.3%.  
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(a) 
 
 
(b) 
Figure 6.4 Using the band clamp to connect the cavity walls together a)- AR=1. b)- 
AR=2.0 
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Figure 6.5 Schematic diagram of the enclosure with the hot and cold sides and all the 
insulation layers. 
 
6.2.2 Hot side loop 
The hot side of the cavity is a flat plate single panel radiator with standard 
dimensions, being 600mm high by 600mm wide arranged and supported by a steel 
frame as shown in figure 6.6.  The radiator was insulated to a thickness of 120mm on 
the back side using polystyrene boards and the gap between the radiator and the 
polystyrene board was filled using expanding foam insulation. 
 
A simplified hot water central heating system was constructed and connected to the 
radiator. A diagram of the hot side circuit setup is shown in figure 6.7. The heat input 
device was a 3kW immersion heater. To keep the temperature steady (to within ±0.1°C) 
in accordance with the European standard EN 442-2 [106], a PID temperature controller 
was fitted to the heater to match the energy input to the heater (and hence the water) 
with the heat being taken from the tank and removed in the hot radiator. This occurs by 
switching the heater on and off depending on the temperature inlet to the system. The 
PID controller provides proportional, integral and derivative control, and has been 
adjusted to automatically compensate for temperature changes in the system.  
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Figure 6.6 The steel frame used to fix and support the radiator. 
 
The temperature at the inlet of the hot radiator side was measured using a T-type 
thermocouple which was connected to the PID controller and this temperature is 
compared to the setting point of the PID controller and from this difference the PID 
controller compensates and matches the energy input to the heater to get both 
temperatures the same to within ±0.1°C. The flow rate was measured using a glass tube 
rotameter which was connected to the outlet of the radiator. The water was circulated by 
a standard central heating pump. The water flow rate was controlled through the use of a 
bypass and valves as shown in the schematic diagram figure 6.7. Using the bypass and 
the valves, the flow rate was adjusted and controlled for each inlet hot temperature. The 
water in the hot side enters the radiator from the top side and exits from the bottom side 
according to the British standard BS-3528-1977 [107]. 
The water temperature at each measuring point just before and after the radiator was 
measured using three T-type thermocouples attached to the surface of the pipes, which 
were insulated with 25mm thick foam as can be seen in figure 6.8. The pipes were 
assumed to be at the same temperature as the hot water. The six thermocouples were 
attached to a PC through a USB based data acquisition system, so it was possible to 
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monitor and record the temperatures at a suitable sampling rate, which was selected to 
be every five seconds. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Schematic diagram of radiator hot water side. 
 
In this study the PICO USB TC-8 data logger and Picolog data acquisition software 
were used to measure and save the collected data at each sampling rate [108, 109]. Each 
experiment starts by opening a new file for each inlet hot temperature, this file is used to 
monitor and collect the data for the hot side. The average temperature of the three inlet 
thermocouples and the three outlet thermocouples of the radiator were recorded as Thin 
and Thout respectively. 
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Tests were carried out for each aspect ratio and for each six inlet hot water 
temperatures to the radiator, these hot temperatures are from 50C° to 75C° in 
increments of 5C°, to measure and compare the total heat transfer from the hot side to 
that from the cold wall side inside the enclosure. The total heat transfer from the hot 
wall side of the cavity (radiator) can be calculated using the following equation: 
 ²aa^.` = Å.. .^$.¾ − $.ha`                                                                                               ^1` 
 
Where ²aa^.` is the total heat transfer rate from the hot side of the enclosure. . is the specific heat of the hot water side and it calculated using the following 
polynomial equation which based on the mean temperature $Ñ» ^.` of the two hot side 
temperatures and the water properties from [1]. 
 . = −5.04 × 109:TÑ» ^.` + 1.65 × 109TÑ» ^.` − 2.04 × 109TÑ» ^.`+ 0.128TÑ» ^.` − 3.84$Ñ» ^.` + 4221.3                                               ^2` 
 
$Ñ» ^.` = $.éR + $.Q2                                                                                                              ^3` 
 
Where $.éR is the water inlet hot wall temperature and $.Q is the water outlet hot wall 
temperature. Å.. is the hot water mass flow rate which is calculated using the following equation 
 Å.. = .. /.                                                                                                                                    ^4` 
 
Where ..  is the volumetric flow rate of the hot water and calculated using the 
following polynomial equation: 
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Figure 6.8 The insulated thermocouples at the hot side exit. 
 
.. = 1.628 × 109Q!  + 2.738 × 109Q! + 0.1448                                                        (5) 
 
Where Q! is the scale reading of the rotameter volumetric flow rate in cm, this 
rotameter is a glass tube graded from zero to 30cm, and these values are corresponding 
to a volumetric flow rates from zero to 1.2 L/min respectively as it can be seen in figure 
6.9, where the polynomial equation (5) was provided based on the data from this figure. 
This figure is produced using the calibration of the rotameter by recording the time 
using stop watch and weighing the water using a digital scale for the whole rotameter 
measuring range.  
 
/. is the water density for the hot wall side and it calculated using the polynomial 
equation shown below, where it also based on both the mean temperature of the inlet 
and outlet hot wall temperatures equation (3) and the water properties as a function of 
temperature from [1].  
/. = −1.89 × 109TÑ» (.) + 5.39 × 109TÑ» (.) − 8.43 × 109TÑ» (.)  
+ 0.075$Ñ» (.) + 999.68                                                                             (6) 
116 
 
 
The calculation of ²aa^.` was done for a range of surface temperatures ranging from 
50C° to 75C° with an increment of 5C° and for three aspect ratios 2.0, 1.0 and 0.5.   
 
 
Figure 6.9 The rotameter chart 10 metric. 
 
6.2.3 Cold side loop 
The cold side of the cavity is also a flat plate single panel radiator with standard 
dimensions of 600mm high by 600mm wide, supported using a steel frame as shown in 
figure 6.6.  The radiator was also insulated from the back to a thickness of 120mm using 
polystyrene boards and the gap between the radiator and the polystyrene board was 
filled using expanding foam insulation. The inlet and outlet of the radiator was 
connected to a recirculating chiller, (NESLAB CFC-FREE CFT-75) as shown in figure 
6.10, to maintain the water inlet of the cold wall temperature fixed at about 8°C. The 
cooling unit has an air-cooled refrigeration system. Air is drawn in the front side of the 
unit and discharged through rear and side as seen in figure 6.11. For proper operation, 
the unit needs to pull substantial amount of air through a condenser. The plumbing 
connections are located on the rear of the unit and labelled as SUPPLY which will be 
connected to the radiator inlet and RETURN which will be connected to the radiator 
outlet.  
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Figure 6.10 The NESLAB CFT-75 recirculating chiller. 
 
 
Figure 6.11 Draw and discharge the air in the cooling unit. 
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Before starting the unit the reservoir need to be filled with a clean cooling fluid, the 
tap water is the recommended fluid for operation.  The tank has a vent which relieves 
pressure when it is built up and reaches 3-5psi. The CFT recirculating chiller is 
designed to provide a continuous supply of cooling fluid at a constant temperature and 
volume [110]. The unit consists of an air-cooled refrigeration system, a sealable 
reservoir, recirculating pump, and a temperature controller. The cooling capacity of the 
unit is 2500W with a temperature range of +5°C to +30°C. The temperature set-point is 
adjusted by pressing and holding the DISPLAY switch and then turning the ADJUST 
knob until the desired temperature set-point is indicated on the digital display [110].  
The water temperature before and after the radiator was measured using three T-type 
thermocouples attached to the surface of the pipes, which were insulated with 25mm 
thick foam. The pipes were assumed to be at the same temperature as the water. The six 
thermocouples were attached to a PC through a USB based data acquisition system to 
monitor and record the temperatures at the selected sampling rate, which was every five 
seconds. 
Tests were carried out for only one inlet cold temperature to the radiator which was 
around 8C°. The radiator connected to the lab fixed base using a steel frame by a way in 
which it can be simply moved towards or away from the wall to get a range of different 
aspect ratios. The total heat transfer from the cold wall side of the cavity can be 
calculated using the equations 1 to 4 and equation 6 by just replacing the hot side 
temperatures with the cold side temperatures. 
The volumetric flow rate of the cold water side is calculated using the following 
polynomial equation. 
 
. = 4.975 × 109Q!  + 3.297 × 109Q! + 0.0916                                                        (7) 
 
6.2.4 Calculation of measurement uncertainty 
All the thermocouples for the hot and cold sides were calibrated using an electronic 
reference thermometer which has a resolution of 0.01°C. This reference thermometer 
has been calibrated by the manufacturer using five reference points which produces an 
uncertainty of measurement equal to ±0.05°C, the calibration certificate of this 
reference thermometer is included in appendix B. All the twelve thermocouples used for 
this work were calibrated using this reference thermometer at three reference points: 
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0°C, ambient temperature which was around 23°C and 40°C, using a heater with a 
magnetic stirring device to keep the temperature constant. The calibration procedure and 
the results are included in appendix B. All the readings of the thermocouples had an 
error of ±0.2°C. 
The rotameter calibration test was performed by recording the time using stop watch 
and weighing the water using a digital scale for the whole rotameter measuring range. 
The detailed test and the results for both the rotameters for the hot and the cold sides are 
shown in appendix B. The resulting data is used to produce the polynomial equation as 
discussed above. 
The uncertainty of this flow meter will be equal to the minimum scale reading 
divided by two, which will be equal to about ±0.02 l/min. 
The calculation of the uncertainty for the calculated heat transfer from the hot and cold 
sides will be according to equation (1) as below: 
 
¶
 =
¶¿²
¿² +
¶(∆$)
∆$                                                                                                                        (8) 
 
Where ¶(∆$) = ¶$¾ + ¶$ha 
From the calculated uncertainty of the thermocouples which is ±0.2°C, then 
 
¶^∆$` = ±0.2 + ±0.2 = ±0.4 
Therefore  
¶
 =
¶¿²
¿² +
¶(∆$)
∆$ =
±0.02 
1.0 +
±0.4
2 = ±0.22 
 
However, the calculated results involves the propagation of the uncertainty in the 
region, which is approximately ±22% for ²aa^.` and ±22% for ²aa^). The principle 
source of this error is due to the uncertainty in the thermocouples and flow rate readings 
as shown above. 
 
6.3 Thermal calculations and results 
The thermal calculations were performed for a range of hot wall temperatures 
ranging from 50C° to 75C° and for three enclosure sizes of aspect ratios 2.0, 1.0 and 
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0.5. The thermal calculations start with the collecting of the thermocouples readings for 
both the hot and cold sides and save them then taking the average values of each three 
thermocouples.   The thermal calculations also include the calculation of the total heat 
transfer from the hot side as explained in section 6.2.2 and from the cold side as 
discussed in section 6.2.3. Moreover the thermal calculations include the calculation of 
the heat losses through the enclosure side walls which is the difference between the hot 
and cold heat transfer. 
The thermal results are divided to two sub sections. One is for the different hot wall 
temperatures and the other one is for the different aspect ratios. Both of these will be 
discussed below. 
 
6.3.1 Different aspect ratios 
The enclosure was designed to have three aspect ratios. Firstly an aspect ratio of 2.0 
which has inside dimensions of 600 × 300 × 600mm. The steps followed to construct 
and insulate this enclosure are the same as those explained in section 6.2.1. The 
enclosure is shown in figure 6.12a. The second enclosure had an aspect ratio of 1.0 
(square) which is had inside dimensions of 600 × 600 × 600mm. After attaching the 
second layer of the cavity wall double insulation the enclosure is shown in figure 6.12b. 
The last has an aspect ratio of 0.5, and has inside dimensions of 600 × 1200 ×
600mm. Its final shape is shown in figure 6.12c. 
The preparation and steps of design procedure and the operational process of each of 
these cavities followed the same procedure and steps as that explained in section 6.2. 
 
6.3.2 Different hot wall temperatures 
In the case of each of the three aspect ratios, the calculations were performed for 
different hot wall temperatures ranging from 50C° to 75C°. For each hot wall 
temperature, the experiment starts by checking the readings of the six thermocouples of 
the hot side and the six thermocouples of the cold side by monitoring their reading 
through the computer using the data acquisition system. Then the flow rates of the water 
to the hot and the cold sides were checked and adjusted using the bypass and valves by 
monitoring the reading of the glass tube rotameter.  
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(a) 
 
 
(b) 
 
(c) 
Figure 6.12 Enclosure final shape for aspect ratios AR= a) 2.0, b) 1.0 and c) 0.5 
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To start collecting the data, the PID controller settings were adjusted to control the 
inlet hot side temperature to the setting point of the required temperature. A T-type 
thermocouple is connected between the inlet hot side temperature and the PID 
controller. As discussed in section 6.2.2 above this temperature is compared to the 
setting point of the PID controller and from the difference the PID controller 
compensates and matches the energy input of the heater to get both temperatures to 
within ±0.1°C of each other.  
Collecting the thermocouples readings starts just after checking the thermocouples, 
the flow rate readings and the adjustment of the temperature controllers for both hot and 
cold sides. To this end it was possible to monitor and record the temperatures every five 
seconds, and save them to files. Collecting the experimental data took from 24 hours to 
48 hours depending on the stability of the data collected during the day. The 
repeatability of the data collected using the thermocouples are checked as it can be seen 
in figure 6.13 which show the stability of the thermocouple collected data for more than 
two days for both the hot and cold sides. The flow rate was monitored during the 
experimental time and the reading data of the glass tube rotameter is collected manually 
by taking the measuring scale level of the float. After getting enough collected data 
from the experiment for each hot wall temperature the experiment was deemed to be 
completed.  
Then the average temperature of the three inlet thermocouples and the three outlet 
thermocouples were calculated for both hot and cold sides. From these four average 
temperatures the calculations of the mean temperatures at the hot and cold sides are 
calculated using equation (3) as explained in sections 6.2.2 and 6.2.3. From these two 
mean temperatures the water properties are calculated using equations (2) and (6).  
The volumetric flow rates for hot and cold sides are calculated using the collected 
readings of the glass tube rotameter at each side and by using equation (5). 
Calculations of the thermal results for each hot wall temperature (which ranged from 
50C° to 75C°) were performed using equation (1) to calculate the total heat transfer for 
hot and cold walls. Then the heat losses were calculated using the following equation: 
 
² ½ = ²aa^.` − ²aa^)                                                                                                            (9) 
 
Which is the heat transferred through the walls or the gaps in the walls then to the 
surrounding and it equal to the difference between the heat transferred to the medium 
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from the hot side and the heat removed by the cold side.  
 
(a) 
 
(b) 
Figure 6.13 The thermocouples collected data of about two days for a) hot wall side 
and b) cold wall side 
 
For each temperature the error of the heat losses were calculated 
 
$@@{@^%` = ²aa^.` − ²aa^)²aa^.` × 100                                                                                   (10) 
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The final results for each aspect ratio and at each hot wall temperatures are shown in 
figure 6.14. The figure shows the relation between the heat transfer from the hot or the 
cold walls as a function of absolute temperature ratio between hot and cold walls. From 
this figure it can be seen that the total heat transfer increases as the absolute temperature 
ratio increases.  
 
 
(a) 
 
 
(b) 
Figure 6.14 Thermal results of total heat transfer from three aspect ratios a) hot side and 
b) cold side. 
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Also from the figure it can be seen that the total heat transfer from the hot side 
increases as the aspect ratio decreases. Conversely the total heat transfer from the cold 
side increases as the aspect ratio increase which means that the heat losses increase as 
the aspect ratio decreases. Also the figure shows that the heat transfer for the aspect 
ratios 2.0 and 1.0 is very close to each other for both hot and cold sides. The difference 
between heat transfer for aspect ratio 0.5 and the other two aspect ratios increases as the 
absolute temperature ratio increases. 
 
6.4 Laser Doppler Velocimetry specifications and principles 
6.4.1 Introduction 
Laser Doppler Velocimetry (LDV) is a widely accepted tool for fluid dynamic 
investigations in gases and liquids. It is a technique that has important characteristics 
which make it an ideal tool for dynamic flow measurement and turbulence 
characterization [111]. 
With the development of the helium-neon laser, it was shown that fluid flow 
measurement could be made from the Doppler effects on a He-Ne beam scattered by 
very small polystyrene spheres entrained in the fluid [112]. This phenomenon was used 
in developing the first laser Doppler flow-meter using heterodyne signal processing 
[113]. 
Its non-intrusive principle and directional sensitivity makes it very suitable for 
applications where physical sensors are difficult or impossible to use. It is requires a 
tracer particles in the flow that can reflect the laser beams, e. g. liquids contain 
sufficient natural seeding on the other hand gases must be seeded in most cases. 
 
6.4.2 Advantages 
The LDV has the following features [111, 114]: 
1. Non intrusive.  
2. No calibration required. 
3. Velocity range negative to supersonic.  
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4. One, two or three velocity components. 
5. Flow reversals can be measured  
6. High spatial and temporal resolution  
7. Instantaneous and time averaged 
 
6.4.3 Components and Principles 
 The basic configuration of an LDV as seen in figure 6.15 consists of [111, 114]: 
1. A continuous wave laser 
2. Transmitting optics, including a beam splitter and a focusing lens 
3. Receiving optics, comprising a focusing lens, an interference filter and a 
photodetector 
4. A signal processor and a data analysis system. 
 
Advanced systems may include traverse systems (such as the one used in this study) 
and angular encoders. 
A Bragg cell is often used as the beam splitter. It is a glass crystal with a vibrating 
piezo crystal attached, see figure 6.16.  
The output of the Bragg cell is two beams of equal intensity with frequencies f0 and f 
shift. These are focused into optical fibres bringing them to a probe. 
In the probe, the parallel exit beams from the fibres are focused by a lens to intersect in 
the measuring volume. 
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Figure 6.15 LDV principles[111] 
 
 
 
 
 
Figure 6.16 The Bragg cell used as a beam splitter[111] 
 
6.4.4 The measuring volume 
When two laser beams intersect, they interfere producing the measuring volume. The 
light intensity is modulated due to interference between the laser beams. This produces 
parallel planes of high light intensity, which are called fringes [111]. The fringe distance 
df is defined by the wavelength of the laser light and the angle between the beams as 
can be seen in figure 6.17: 
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Figure 6.17 The probe and the measuring volume[111] 
 
 
º = &2¤¦ ª
                                                                                                                            (11) 
 
Each particle pass scatters light proportional to the local light intensity [111]. Flow 
velocity information comes from light scattered by seeding particles carried in the fluid 
as they move through the measuring volume. The scattered light contains a Doppler 
shift, the Doppler frequency fD, which is proportional to the velocity component 
perpendicular to the bisector of the two laser beams. 
 
 The scattered light is collected by a receiver lens and focused onto a photo-detector. 
An interference high-pass and low-pass filters passes only the required wavelength from 
the photo-detector [114]. This removes both low frequency pedestal component and 
high frequency noise from the Doppler component. 
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6.4.5 Signal processing 
The photo-detector converts the fluctuating light intensity to an electrical signal 
proportional to the light flux. The signal output from the photo-detector can be 
decomposed to low frequency (pedestal) output caused by the particle passing through 
the focused Gaussian-intensity laser beam, Doppler frequency, z', has a regular 
sinusoidal pattern and a high frequency noise [114]. 
The Doppler frequencies are filtered and amplified in the signal processor, which 
determines z' for each particle, often by frequency analysis. The fringe spacing,z 
provides information about the distance travelled by the particle. The Doppler frequency 
z' provides information about the time: Æ = 1/z'. The velocity equals distance 
divided by time: Velocity ¿ = z ∗ z'. 
 
6.4.6 Determination the sign of the flow direction 
The frequency shift obtained by the Bragg cell added to the diffracted beam, which 
then results in a measured frequency of a moving particle and allows measurement of 
negative velocities down to ¿ > 57.6Å/¤ and maximum positive velocities up to 
supersonic [111, 115]. Particles which are not moving will generate a signal of the shift 
frequency f-shift which corresponding to zero velocity. The velocities ¿and ¿ »I will 
generate signal frequencies zand z »I respectively as shown in figure 6.18. 
LDV systems without frequency shift cannot distinguish between positive and 
negative flow direction or measure 0 velocity. 
LDV systems with frequency shift can distinguish the flow direction and also 
measure zero velocities. 
 
6.4.7 Two and three component measurements 
To measure two velocity components, two extra beams can be added to the optics in 
a plane perpendicular to the first beams. 
All three velocity components can be measured by two separate probes measuring 
two and one components, respectively with all the beams intersecting in a common 
volume as shown in figure 6.19 [111]. Different wavelengths are used to separate the 
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measured components. Three photo-detectors with appropriate interference filters are 
used to detect scattered light of the three wavelengths. 
Modern LDV systems employ a compact transmitter unit comprising the Bragg cell 
and colour beam splitters to generate up to 6 beams: un-shifted and frequency shifted 
beams of three different colours. These beams are passed to the probes via optical 
fibres. 
 
 
Figure 6.18 Doppler frequency to velocity for a frequency shifted LDV system [111] 
 
6.4.8 Seeding particles 
Liquids usually contain sufficient natural seeding, whereas gases must be seeded in 
almost all cases. In the ideal cases, the particles should be small enough to follow the 
flow and also large enough to scatter sufficient light. The seeding particle material can 
be solid powder or liquid droplets depending on the practice case. In most of the gas 
flow cases seeding particles are needed hence, an atomizer is used to produce these 
seeding particles.  In the present study the Six-Jet atomizer is used to produce the 
seeding particle which is olive oil. The Six-Jet atomizer principle and operation is 
discussed in the next section. 
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Figure 6.19 LDV optics for measuring three velocity components [111] 
 
6.4.8.1 The Six-Jet atomizer principle 
The Six-Jet atomizer as seen in figure 6.20 has many features that make it a widely 
used instrument for providing seeding particles. The atomizer has a built-in pressure 
regulator and a pressure gage to control the pressure. It has a self-dilution system that 
controls the output concentration and six particle-generator atomizer jets, have an 
orifice diameter of 0.015 inch, where one to six atomizer jets can be selected. 
The atomizer can produce liquid particles from liquids; in this study the olive oil 
used to produce the seeding particles. It can also produce solid particles from solutions 
or suspensions such as spheres from uniform polystyrene latex [116]. 
 
6.4.8.2 Operating the Six-Jet atomizer 
The atomizer reservoir is half filled with the liquid to be atomized which in this case 
is the fruity olive oil. The liquid level in the reservoir should be less than half to be sure 
that the atomizer jets are not submerged [116]. The regulator valve and the dilution air 
valve should be closed before connecting the compressed air. The atomizer outlet is 
connected to the top of the enclosure using a flexible tube. The regulator pressure was 
set to 25 pounds per square inch, as this level is recommended to work well [116], and 
connected to a continuous source of compressed air using an air compressor. In this 
study one atomizer jet is used which gives 6.6 l/min aerosol flow-rate [116] and the 
seeding time depended on the size of the enclosure, at about 10 to 15 seconds for an 
aspect ratio of 2.0, to 20 to 25 seconds for an aspect ratio of 1.0 and 35 to 40 seconds 
for an aspect ratio of 0.5. It was noticed that the fruity extra virgin olive oil used lasted 
better in the enclosure than an extra virgin olive oil. 
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Figure 6.20 The Six-Jet atomizer. 
 
 
6.5 LDV experiments and results 
The velocity profiles and turbulent intensities were acquired for the different 
enclosure sizes with aspect ratios of 2.0, 1.0 and 0.5 and for different hot wall 
temperatures ranging from 50°C to 75°C.  
In each experiment, preparation to use the LDV system is needed such as the LDV 
controls settings and traverse system positions. These and the LDV operation steps will 
be explained in the next sections. 
 
6.5.1 LDV experiments preparation 
For each aspect ratio after collecting the thermal results (as explained in section 6.3) 
the side wall was removed and exchanged for a Perspex surface as can be seen in figure 
6.21. 
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The same steps are followed as in section 6.3 to start collecting the thermal results. 
Collecting the data using the LDV system starts after the reading of the thermocouples 
become stable. Before collecting the velocity and turbulent intensities inside the 
enclosure, the FLOWSIZER software package must be installed and a new main project 
folder created to monitor and save the data collected. Each project folder contains 
various experiment folders and each of them contains many runs. For example in this 
study a main project folder is opened that contains three experimental folders for each 
aspect ratio. Each experimental folder contains another six experimental folders for each 
hot wall temperature which ranging from 50°C to 75°C. Each hot wall temperature 
experiment folder contains six runs calculated at different enclosure heights for y/h 
equal to 0.19, 0.3, 0.5, 0.65 and 0.85 and one run at x equal to 4mm, which is very close 
to the hot wall. 
The LDV controls require the adjusting of the Run setup settings which for example 
includes the maximum particle measurement attempts, wavelength, focal length and 
some other parameters. These settings need to be set correctly in order to take accurate 
velocity data. The other most important input settings are the LDV controls which is on 
the main software window. The settings of these parameters are often slightly iterative 
among the various parameters to get good velocity measurements [114]. The graphing 
capabilities of the FLOWSIZER data acquisition and analysis software has a wide 
flexibility to create histogram plots, scatter plots, smoothed line plots, etc. [114]. A 
velocity histogram, instantaneous velocity plot, and the velocity and turbulence 
statistics are created, monitored and saved during each run. 
The traverse menu options are selected to start setting the parameters and moving the 
laser probe to the start point where data need to be start collected. There are two modes 
to operate the traverse system, manually by setting the moving positions each time or 
automatically based on the matrix of positions and filenames selected. The matrix of 
positions can be created manually or automatically. In this study the automatically 
selected matrix positions are used in each run. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 6.21 Exchanging the side wall by a Perspex surface. 
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6.5.2 Collecting the data using the LDV 
Before starting to collect the data, the laser probe needs to be moved and adjusted to 
the starting point. The matrix of the collecting data positions inside the enclosure is 
created automatically and has all the position points that the traverse system will follow 
during the experiment to capture the data. By pressing the “scan capture” button, the 
LDV system is started and data collection commences. The laser probe is moved 
automatically to the next point after the maximum particle measurement attempts of the 
first point is reached. 
For example collecting the data for the aspect ratio 2.0 and hot wall temperature 
50°C starts by moving the laser probe using the traverse system to the position at y/h 
equal 0.19 and at the closest point to the hot wall.  After pressing the “scan capture” 
button the LDV system starts collecting the data for each position point, which in this 
experiment was at every 1.0 mm near the hot and cold walls for about 100 mm from the 
wall edge and at every 10 mm for the whole enclosure core distance. Collecting the data 
continues at each point until the maximum particle measurement attempts reached, 
which in this experiment was 10,000. Then the traverse system moves to the next point. 
This is the case for each measuring point until finishing all the measuring points across 
the enclosure width. The collected data for each measuring point is saved to the named 
file and then after finishing the experiment the saved data can be exported to an excel 
sheet for analysis. The same steps were repeated for each aspect ratio and each 
experimental run. The only difference between aspect ratios is the measuring positions 
inside the matrix at the core are increased as the enclosure width increase where it was 
at each 100mm for the aspect ratio 1.0 and 200mm for the aspect ratio 0.5. 
 
6.5.3 Velocity and turbulent intensities profiles for different aspect 
ratios 
As was mentioned in chapter two the velocity boundary layer is considered to be the 
region of velocity values which extends from the wall to the first zero or near to zero 
velocity value and does not include the region of reversed flow. Also the core of the 
enclosure is defined based on the velocity boundary layers and as King [57], defines the 
core as that region which exists beyond the velocity boundary layer which ends at the 
first position of zero velocity. 
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In this study and for each experimental run, the velocity and turbulent intensities for 
each aspect ratio and at each y/h for different hot wall temperatures are plotted and 
shown in different figures. To simplify the results, the velocity result graphs are divided 
into two groups. One of which will be included in appendix B and the other one will be 
explained and shown in this section. The velocity profiles of the first group, which 
includes three hot wall temperatures of 55, 65 and 70°C at different enclosure heights 
are shown in appendix B. The second group (which will be explained here) is for the 
three aspect ratios and containing the velocity profiles at different enclosure height for 
two hot wall temperatures, these are 60°C and 75°C. The velocity profiles for this group 
are shown in figures 6.22 to 6.27. The repeatability of the collected data using the LDA 
was checked using the velocity profile as shown in figure 6.28. This plot show that the 
velocity profiles collected at mid-height of aspect ratio 2.0 and two hot temperatures 
50°C and 75°C of collecting data for two different days are repeatable. 
 
From the figures 6.22 to 6.27 it can be seen that at the hot wall side the velocity starts 
at zero and increases to reach to its maximum after a certain distance and then it starts to 
decrease to its minimum value. This velocity is almost constant for the whole enclosure 
core. This velocity profile trend is the same for the velocity profiles at all enclosure 
heights and all aspect ratios. The same profile can be seen on the cold side where the 
velocity starts to increase to its maximum at a certain distance from the enclosure core 
and then decreases to zero at the wall. Also from the figures, the boundary layer 
thickness near the hot wall side increases as the enclosure height increases and vice 
versa. It is noticed as mentioned by King [57]that the peak of the mean velocity were at 
its minimum at the bottom of the heated wall then it starts to increase up to the mid-
height when it starts to decrease again. Moreover, it can be seen from the figures that as 
the temperature increases, the velocity values and the boundary layer thickness increase 
at the same time. Furthermore from these figures it can be seen that as the aspect ratio 
increases, the velocity values and the boundary layer thickness decrease. 
The maximum velocity for each aspect ratio occurs almost at or near the mid-height 
of the enclosure. Also it can be noticed here, and is also as mentioned by Kutaleladze et 
al [65] and Lankhorst et al [12]that the lateral position of the peak mean velocity is 
increased as the height of the enclosure increases. Also it was noticed again as 
mentioned by Kutaleladze et al [65]that increasing the cavity width will also increase 
the boundary layer thickness.   
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(a) 
 
(b) 
 
(c) 
Figure 6.22 Velocity profiles for aspect ratio 2.0 and hot wall temperatures 60°C and 
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(a) 
 
(b) 
Figure 6.23 Velocity profiles for aspect ratio 2.0 and hot wall temperatures 75°C and 
	
 = 9.3 × 10 a) between hot and cold walls b) near the hot wall 
 
The collected data for the velocity and turbulence intensity profiles along the vertical 
axis and near to the hot side were collected at a position of the maximum velocity and at 
5mm intervals. The velocity profiles for this case are shown in figure 6.29. From the 
figure, it can be seen that the maximum velocity occurs near the mid height of the 
enclosure. Here the velocity starts to increase from the lower edge of the enclosure until 
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reaches its maximum value near the enclosure mid height where it upon starts to 
decrease again.  
 
 
(a) 
 
(b) 
Figure 6.24 Velocity profiles for aspect ratio 1.0 and hot wall temperatures 60°C and 
	
 = 8.8 × 10: a) between hot and cold walls b) near the hot wall 
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(a) 
 
(b) 
Figure 6.25 Velocity profiles for aspect ratio 1.0 and hot wall temperatures 75°C and 
	
 = 1 × 10 a) between hot and cold walls b) near the hot wall 
 
Also from this figure it can be seen that the velocity values at the lower part of the 
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part of the enclosure for an aspect ratio of 0.5 has larger velocity values than the lower 
part. Moreover it can be seen from the figure that the velocity profiles at the hotter 
temperatures of 70° and 75°C are quite similar for all three aspect ratios. 
 
 
(a) 
 
(b) 
Figure 6.26 Velocity profiles for aspect ratio 0.5 and hot wall temperatures 60°C and 
	
 = 7.1 × 10 a) between hot and cold walls b) near the hot wall 
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(a) 
 
(b) 
Figure 6.27 Velocity profiles for aspect ratio 0.5 and hot wall temperatures 75°C and 
	
 = 8.1 × 10 a) between hot and cold walls b) near the hot wall 
 
The data was also collected for the turbulence intensity (which is the ratio between 
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the spreadsheet. The turbulence intensity profiles are again divided into two groups like 
the velocity profiles. The final profiles for the second group are shown in figures 6.30 to 
6.32. From these graphs it can be seen that very close to the wall for about 3 to 4mm 
from the wall edge the turbulence intensity values are small and constant. As it moves 
away from the wall their values start to increase gradually until a distance of 100mm 
from the wall whereupon it starts to increase dramatically. Also from the figures it can 
be seen that the turbulence intensity increases as the aspect ratio increases and decrease 
slightly as the temperature increase.  
 
(a) 
 
(b) 
Figure 6.28 The repeatability of the LDA measurement for aspect ratio 2.0 and hot wall 
temperature a) 50°C and b) 75°C. 
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(a) 
 
(b) 
 
(c) 
Figure 6.29 Velocity profiles near the hot wall at (x=4mm from the hot side) for aspect 
ratios a) 2.0 for 	
 = 8.9 × 10&9.3 × 10, b) 1.0 for 	
 = 9.7 × 10:&1 × 10and c) 
0.5 for 	
 = 7.8 × 10& 8.1 × 10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(a) 
 
 
(b) 
Figure 6.30 Turbulence intensity profiles for aspect ratio 2.0 and for hot wall 
temperature a) 60°C for 	
 = 8 × 10b) 75°C for 	
 = 9.3 × 10. 
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(a) 
 
(b) 
Figure 6.31Turbulence intensity profiles for aspect ratio 1.0 and for hot wall 
temperature a) 60°C for 	
 = 8.8 × 10:b) 75°C for 	
 = 1 × 10. 
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(a) 
 
(b) 
Figure 6.32 Turbulence intensity profiles for aspect ratio 0.5 and for hot wall 
temperature a) 60°C for 	
 = 7.1 × 10b) 75°C for 	
 = 8.1 × 10. 
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The turbulence intensity along the vertical axis and near to the hot side wall is 
collected at a position of a maximum velocity for each 5mm increment distance. The 
turbulent profile is shown in figure 6.33. From this figure it can be seen that the 
maximum turbulence intensity occurs near the two corners of the enclosure, where the 
turbulence intensity starts to decrease from the two edges of the enclosure until it 
reaches its minimum value near the enclosure mid height. Also from this figure it can be 
seen that the turbulence intensity values increase overall as the aspect ratio increases. 
Moreover from this graph it can be seen that the turbulence intensity at the lower part of 
the enclosure tends to decrease more than the upper part as the aspect ratio decreases. It 
can also be seen from figure 6.33c that the turbulence intensity at the lower part of the 
enclosure has quite similar values to that at the mid height of the enclosure for aspect 
ratio 0.5.   
 
6.6 Summary and Conclusions 
In this chapter the design of the experimental test rig and the process of collecting the 
data are explained in detail. The design of the test rig in this study includes the design of 
the enclosure with both hot and cold sides and with different aspect ratios. Also in this 
chapter the calibration of the thermocouples and how to use them with the data 
acquisition system to collect the thermal data were explained. This chapter also includes 
the specifications and the use of the laser Doppler velocimetry to collect the velocity 
profiles. The thermal calculations were discussed in this chapter for a range of hot wall 
temperatures ranging from 50C° to 75C° and for three enclosure sizes of different 
aspect ratios 2.0, 1.0 and 0.5.  
The thermal results show that the total heat transfer increases as the absolute 
temperature ratio increases. Also the total heat transfer from the hot side increases as the 
aspect ratio decreases and on the other hand the total heat transfer from the cold side 
increases as the aspect ratio increases which means the heat losses also increase as the 
aspect ratio decreases. 
The collected results using the LDV system show that the velocity starts to increase to 
its maximum value after a certain distance from the wall then it starts to decrease to its 
minimum. The boundary layer thickness increases as the enclosure height or the 
temperature increase in all aspect ratios. The velocity values and the boundary layer 
thickness will decrease as the aspect ratio increase. 
149 
 
 
(a) 
 
(b) 
 
(c) 
Figure 6.33 Turbulence intensity profiles near the hot wall at (x=4mm from the hot side) 
for aspect ratios a) 2.0 for 	
 = 8.9 × 10&9.3 × 10, b) 1.0 for 	
 = 9.7 × 10:&1 ×
10and c) 0.5 for 	
 = 7.8 × 10& 8.1 × 10. 
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The velocity near the hot and cold sides starts to increase and reaches a maximum 
value. Then it starts to decrease to its minimum (near to zero) for the whole enclosure 
core. The boundary layer near the hot wall side increases as the enclosure height 
increases. As the temperature increases, the velocity values and the boundary layer 
thickness will increase at the same time. On the other hand, as the aspect ratio increases 
the velocity values and the boundary layer thickness will decrease. 
The collected data for the velocity along the vertical axis show that the maximum 
velocity always occurs near the mid height of the enclosure. 
The turbulence intensity value increases gradually across the enclosure until the 
velocity values decrease to less than 0.05m/s near the end of the boundary layer then it 
starts to increase dramatically. The turbulence intensity increases as the aspect ratio 
increases and it decreases slightly as the temperature increases.  
The maximum turbulence intensity along the vertical axis and at the maximum 
velocity values occurs near the two corners of the enclosure, where the turbulence 
intensity start to decrease until it reach its minimum value near the enclosure mid 
height. The turbulence intensity values increases as the aspect ratio increase. 
These experimental results will be compared with the numerical results in the next 
chapters. 
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CHAPTER 7  
CORRELATION EQUATIONS FOR 
HEAT TRANSFER IN CAVITIES 
 
7.1 Producing the correlation equations for pure natural 
convection in square and rectangular enclosures 
 
The correlation equations for both square and rectangular enclosures will be 
produced in this chapter using the provided dimensionless relations in chapter 4 and the 
numerical results provided in chapter 5.The analysis method will produce the 
correlation equations for the two cases pure natural convection and natural convection 
with radiation in square and rectangular enclosures.  
 
7.1.1 Providing the correlation equation for square enclosures 
As explained in chapter 4 and from equation (1) below, the correlation equation for 
natural convection without radiation interaction in a square enclosure is formed, 
equation 2.  
N% = ∅(G@, c@, $#`                                                                                                                    ^1) 
 
This forms a relationship between the average convection Nusselt, Grashof and 
Prandtl numbers in a square enclosure: 
N% = G@Âc@Â                                                                                                                               ^2` 
 
Where k1, a1 and b1 are constants and are a function of the absolute temperature ratio $# 
of the hot and cold walls of the enclosure. These constants are found by using all the 
numerical results for the three different groups then fitting them to get the average 
convection Nusselt number. The fitting and optimization of the numerical results was 
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done using the solver in the Microsoft office excel software package (office 2007), 
which uses the generalized reduced gradient (GRG2) nonlinear optimization code, 
which was developed by Leon et.al [117, 118]. The values of these resultant constants 
as a function of absolute temperature ratio which fit equation 2 are shown in figure 7.1a. 
 
 
(a) 
 
 
(b) 
Figure 7.1 - Constants values as a function of Th/Tc for (a) Natural convection without 
radiation equation (2), (b) Natural convection with interaction of surface thermal radiation 
equation (8). 
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7.1.2 Providing the correlation equation for rectangular enclosures 
According to the numerical results of the heat transfer in the rectangular enclosure 
with different aspect ratios examined in this study (which discussed in detail in chapter 
5), the flow could be divided into two regimes, where the second (transition) regime 
could be included into the other two regimes: 
1. Regime one starts from square to tall enclosures for aspect ratio ranging 
from 1 to 16, 
2. Regime two starts from square to shallow enclosures for aspect ratio 
ranging from 1 to 0.0625. 
From equation 3 below (provided in section 4.3.2 in chapter 4), the following 
correlation equation for natural convection without radiation interaction in a rectangular 
enclosure is formed, equation 4.  
 
N% = ∅(G@, c@, $# , ³	)                                                                                                             (3) 
 
This forms a relationship between the average convection Nusselt, Grashof, Prandtl 
numbers and aspect ratio in rectangular enclosures: 
 
N% = G@Âc@Â ∗ z^³	`                                                                                                              ^4` 
 
Where k1,a1 and b1 are constants and are a function of the absolute temperature ratio $# 
of the hot and cold walls of the rectangular enclosure and their values are shown in 
figure 7.1a. 
And z^³	` is the aspect ratio conversion equation which has two forms for each 
regime: 
For the first regime (aspect ratio from 1 to 16) 
 z^³	` = ³	] + 
2nÉV)YL + 
4                                                                               ^5` 
For the second regime (aspect ratio from 1 to 0.0625) 
 z^³	` = ¯1 ³	] + ¯3nÉV)*\ + ¯5                                                                  ^6` 
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Where ka1, ka2, ka3 and ka4 and kb1, kb2, kb3, kb4 and kb5 are constants and are a 
function of the absolute temperature ratio $# of the hot and cold walls of the rectangular 
enclosure. These constants are also found by using all the numerical results for the 
rectangular enclosure with different aspect ratios then fitting them to get the average 
convection Nusselt number. The fitting and optimization of the numerical results was 
done using the solver in the Microsoft office excel software package (office 2007), as 
explained before. The values of these constants as a function of absolute temperature 
ratio which fit equations 5 and 6 are shown in figure 7.2. 
 
7.2 Providing the correlation equations for natural 
convection with radiation interaction in square and 
rectangular enclosures 
 
7.2.1 The correlation equations for square enclosures 
As given in section 4.3.1 in chapter 4 and using equation 7 below, the following 
correlation equation for the natural convection with the interaction of thermal surface 
radiation has been provided which shows the relation between the new dimensionless 
group (natural convection to radiation heat transfer) and the total Nusselt number, 
Grashof number and Prandtl number in the square enclosure equation8: 
 
	 = ñ(N%a, G@, c@, $#`                                                                                                        ^7` 
 
 "#! = N%cd = G@CN%aCc@C                                                                                                    ^8` 
 
Where k2, a2, b2 and c2 are constants and are a function of the absolute temperature ratio $# of the hot and cold walls of the enclosure. These constants are also found by using all 
the numerical results for the square enclosure and for the case of natural convection 
with radiation interaction then fitting these constants to get the dimensionless group. 
The fitting and optimization of the numerical results was done again using the solver in 
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the Microsoft office excel software package (office 2007), as explained before. The 
values of these constants as a function of the absolute temperature ratio which fit 
equation 8 are shown in figure 7.1b. 
 
 
(a) 
 
 
(b) 
Figure 7.2 Constants as a function of absolute temperature ratio for a) Equation (5) and 
b) Equation (6). 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 0.5 1 1.5 2 2.5 3
C
o
n
st
a
n
t 
v
a
lu
e
Th/Tc
(-ka1)
ka2
(-ka3x10)
(-ka4)
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2 2.5 3
C
o
n
st
a
n
t 
v
a
lu
e
Th/Tc
(kb1x10^3)
(-kb2)
(-kb3)
(-kb4)
kb5
156 
 
Also from equation 9 below (which discussed in chapter 4) and the numerical results 
in the square enclosure (which explained in chapter 5), the following dimensionless 
correlation equation for the total Nusselt number as a function of Grashof, Prandtl and 
Planck numbers can be derived equation 10: 
 
N%a = ∅^G@, c@, cd, $#`                                                                                                              ^9) 
 
N%a = 
 G@

c@cd!                                                                                                                         (10) 
 
Where a, b, c and d are constants and are a function of the absolute temperature ratio $# 
of the hot and cold walls of the square enclosure. These constants are found by using all 
the numerical results for the square enclosure for the case of natural convection with 
radiation interaction then these constants was fitted to get the total average Nusselt 
number. The fitting and optimization of the numerical results was done also using the 
solver in the Microsoft office excel software package (office 2007), as explained before; 
the values of these constants are shown in figure 7.3. 
 
 
 
Figure 7.3 Constants as a function of absolute temperature ratio Equation (10). 
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7.2.2 The correlation equations for rectangular enclosures 
Using equation 11below (which given in section 4.3.2 chapter 4) and the numerical 
results in chapter 5, the following correlation equation (equation 12) for the case of 
natural convection with the interaction of thermal surface radiation has been provided 
which matches the relationship between the new dimensionless group and the total 
Nusselt number, Grashof number, Prandtl number and the aspect ratio in the rectangular 
enclosure 
 
	 = ñ(N%a , G@, c@, $# , ³	)                                                                                                 (11) 
 
	 =  "#! = G@CN%aCc@C ∗ z^³	`                                                                                    ^12` 
 
Where k2, a2, b2 and c2 are again a function of the absolute temperature ratio $# of the 
hot and cold walls of the rectangular enclosure and their values are again as explained 
before and are shown if figure 7.1b. 
Here z^³	` is the aspect ratio conversion equation and it also has two forms for each 
regime: 
For the first regime (aspect ratio from 1 to 16) 
 z^³	` = ³	] + £2nÉV)PL + £4                                                                          ^13` 
For the second regime (aspect ratio from 1 to 0.0625) 
 z^³	` = 1 ³	]! + 3nÉV)T\ + 5                                                           ^14` 
 
Where kc1, kc2, kc3 and kc4 and kd1, kd2, kd3, kd4 and kd5 are constants and are a function 
of the absolute temperature ratio $# of the hot and cold walls of the rectangular 
enclosure. These constants are also found by using all the numerical results for the 
rectangular enclosure with different aspect ratios for the case of natural convection with 
radiation interaction then fitting these constants to get the new dimensionless group. 
The fitting and optimization of the numerical results was again conducted using the 
solver in the Microsoft office excel software package (office 2007), as explained above. 
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The values of these constants as a function of absolute temperature ratio which fit 
equations 13 and 14 are given in figure 7.4. 
 
 
(a) 
 
(b) 
Figure 7.4 - Constants as a function of absolute temperature ratio for a) Equation (13) 
and b) Equation (14). 
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Also from equation 15 below(as explained in chapter 4) and the numerical results, 
the following dimensionless correlation equation for the total Nusselt number can be 
derived equation 16: 
N%a = ∅^G@, c@, cd, $# , ³	)                                                                                                    (15) 
 
N%a = 
 G@

c@cd! ∗ z(³	)                                                                                                        (16) 
 
Where a, b, c and d are constants and are a function of the absolute temperature ratio $# 
of the hot and cold walls of the square enclosure; their values are shown in figure 
7.3.z^³	)is the aspect ratio conversion equation. For the case of rectangular enclosure, 
the aspect ratio conversion equation has two equations for the two regimes; these are 
described above in section 7.1.2. 
 
For the first regime (aspect ratio from 1 to 16) 
 
z(³	) = ³	I + 2nÉV+L + 4                                                                                           (17) 
For the second regime (aspect ratio from 1 to 0.0625) 
 
z(³	) = ℎ1 ³	. + ℎ3nÉVi\ + ℎ5                                                                                 (18) 
 
Where g1, tog4 and h1, toh5 are constants and are shown to be a function of the absolute 
temperature ratio $# of the hot and cold walls of the rectangular enclosure. These 
constants are also found by using all the numerical results for the rectangular enclosure 
with different aspect ratios for the case of natural convection with radiation interaction 
then fitting these constants to get the total average Nusselt number. The fitting and 
optimization of the numerical results was done again using the solver in the Microsoft 
office excel software package (office 2007), as explained before. The values of these 
constants as a function of absolute temperature ratio which fit equations 17 and 18 are 
shown in figure 7.5. 
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(a) 
 
 
(b) 
Figure 7.5 Constants as a function of absolute temperature ratio a) Equation (17) and b) 
Equation (18). 
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a polynomial equation for each of them has been produced. The polynomial equations 
have been produced using the constants values given in figures 7.1 to 7.5.  
These polynomial equations are correlated and provided according to three absolute 
temperature ratio ranges: 
• Temperature range 1.017 ≤ $# ≤ 1.238 
• ,temperature range 1.238 ≤ $# ≤ 1.852 
• and temperature range 1.852 ≤ $# ≤ 2.603.  
 
The constants of each polynomial equation are given along with the equations in 
tables 7.1 to 7.6. 
From equation 2 above, the constants k1,a1 and b1which are shown in figure 7.1a were 
obtained and polynomial equations for each constant as a function of absolute 
temperature ratio for the square enclosure are provided. These polynomial equations as 
a function of temperature range with their constants values are given in table 7.1. 
 
Table 7.1 the values of constants p1, p2, p3 and p4 for the polynomial equations of k1,a1 
and b1 for the case of pure natural convection in square enclosure, equation 2. 
k, a, b =  pT + pT + pT + p for 1.017 ≤ T ≤ 1.238 
 
 p p p p    k 0.253 -2.015 4.356 -2.273    a 1.703 -5.608 6.03 -1.8795    b 105.5 -354.4 392.575 -143.5    k, a,b = pT + pT + p 
for   1.238 ≤ T ≤ 1.852 
k, a, b = pT + pT + p 
for   1.852 ≤ T ≤ 2.603 
 p p p  p p p k -0.5316 1.644 -0.7084 k -0.1436 0.6217 -0.1467 a 0.05332 -0.1657 0.3452 a 0.02365 -0.09368 0.3136 b 1.074 -3.418 2.157 b 0.4694 -1.29 0.2895 
 
For the case of pure natural convection in rectangular enclosures shown in equation 4, 
the polynomial equations of the constants k1,a1 and b1are same as in square enclosure, 
equation 2, and their constants values again given in table 7.1. 
And f(AR) in equation 4 is the aspect ratio conversion equation and it has two forms for 
each aspect ratio regime as given in equations 5 and 6 above. 
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Where ka1, ka2, ka3 and ka4 and kb1, kb2, kb3, kb4 and kb5which are shown in figure 7.2 
for the rectangular enclosure are correlated, a polynomial equation for each constant as 
a function of absolute temperature ratio is provided. These polynomial equations as a 
function of temperature range with their constants values are given in table 7.2. 
 
Table 7.2The values of constants p1, p2, p3 and p4 for the polynomial equations of , , ,  and , , , ,  for the case of pure natural convection in a 
rectangular enclosure, equations 5 and 6. 
k23, k43 =  pT + pT + pT + p for 1.017 ≤ T ≤ 1.238 
 
         3.762 - 12.61 13.98 - 5.34     5.428 - 19.22 22.84116 - 9.023     -5.781 29.21 - 45.941 20.89     -14.75 52.24 - 62.0813 24.52     2273 -10700 15859.85 -7121     0.4816 -0.9766 0.24745 0.1508     -2.033 7.288 -8.7376 2.728     0.3051 -0.74 0.4527 -0.0647     5.453 -19.54 23.4175 -8.276    ¾ , ¾ = $# + $# +  
for   1.238 ≤ $# ≤ 1.852 ¾ , ¾ = $#
 + $# +  
for   1.852 ≤ $# ≤ 2.603 
         0.0103 -0.03241 -0.1957  0.007575 -0.02328 -0.2033  -0.07873 0.2584 -0.1027  -0.021 0.06244 0.06212  0.6494 -2.204 -0.4523  0.04228 0.02775 -2.502  0.2153 -0.7059 0.2816  0.05813 -0.1748 -0.1628  -33.05 111.3 339.9  -26.57 102.2 334.5  0.04261 -0.1377 -0.0206  0.009094 -0.03031 -0.1045  0.02088 -0.06585 -0.7272  0.009093 -0.03477 -0.7443  0.01874 -0.06069 -0.01308  0.003697 -0.01201 -0.05163  -0.05657 0.1784 0.9795  -0.02457 0.09393 1.026 
 
For the case of natural convection with radiation interaction in square enclosures 
from equation 8, k2, a2, b2 and c2which are shown in figure 7.1b are constants and are a 
function of the absolute temperature ratio $# of the hot and cold walls of the enclosure. 
These constants are correlated and polynomial equations for each constant as a function 
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of absolute temperature ratio are provided. These polynomial equations as a function of 
temperature range with the values of their constants are given in table 7.3.  
 
For the case of natural convection with radiation interaction in rectangular enclosure 
from equation 12k2, a2, b2 and c2are again the same as the square enclosure equation 8 
and their values are given in table 7.3. 
 
Table 7.3The values of constants p1, p2, p3 and p4 for the polynomial equations of k2, a2, 
b2 and c2 for the case of natural convection with radiation interaction in square enclosure 
equation 8. 
k, a, b, c =  pT + pT + pT + p for 1.06 ≤ T ≤ 1.238 
 p p p p    k -70.04 229.5676 - 246.4 87.18    a -44.82 158.743 - 187 71.58    b 13.96 - 48 54.7 - 20.28    
c 184.1 - 623.1 698.1 - 259.73    k, a,b, c = pT + pT + p 
for   1.238 ≤ T ≤ 1.852 
k, a, b, c = pT + pT + p 
for   1.852 ≤ T ≤ 2.603 
 p p p  p p p k -0.1103 0.2022 1.005 k -0.06594 0.295 0.6811 a -0.03596 0.5983 -2.357 a -0.1174 0.7571 -2.371 b 0.02185 -0.1751 0.545 b 0.02855 -0.1684 0.5095 
c 1.887 -5.396 2.647 c -0.3966 3.346 -5.708 
 
Here z(³	) in equation 12 is the aspect ratio conversion equation and it also has two 
forms for each regime as given in the two equations 13 and 14 above. 
Where kc1, kc2, kc3 and kc4 and kd1, kd2, kd3, kd4 and kd5, shown in figure 7.4 for the 
rectangular enclosure are correlated, polynomial equations for each constant as a 
function of absolute temperature ratio are provided. These polynomial equations as a 
function of temperature range with their constants values are given in table 7.4. 
For the case of natural convection with radiation interaction in square enclosure from 
equation 10 the constants a, b, c and d as shown in figure 7.3, are correlated and 
correlation equations for each constant as a function of absolute temperature ratio are 
provided. The polynomial equations with their constants are given in table 7.5. 
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Table 7.4 The values of constants p1, p2, p3 and p4 for the equations of kc1, kc2, kc3, kc4 and 
kd1, kd2, kd3, kd4, kd5 for the case of natural convection with radiation interaction in 
rectangular enclosure, equations 13 and 14. ¾ , !¾ =  $# + $# + $# +   for 1.06 ≤ $# ≤ 1.238 
         -1.211 4.52 -5.40294 1.765     3.819 -15.22 20.26562 -8.852     6491 -20440 20872.1 -7028     -10.38 41.37 -55.08434 24.06    ! 3.05 -13.1 18.3559 -8.06    ! -38.83 136.6 -160.2863 61.7    ! 3.949 -16.18 22.11 -9.77288    ! 0 0 0 42.249    ! -134.6 496.3 -610.96 252     -1.211 4.52 -5.40294 1.765    ¾ , !¾ = $# + $# +  
for   1.238 ≤ $# ≤ 1.852 ¾ , !¾ = $#
 + $# +  
for   1.852 ≤ $# ≤ 2.603 
         -0.05007 0.166 -0.4225  0.002626 -0.01319 -0.27138  -0.0945 0.2429 0.00003806  -0.002993 -0.04584 0.220927  -0.8903 73.79 -289.3  -33.19 191.7 -396.822  0.2003 -0.5048 -0.106  -0.01861 0.2675 -0.7853 ! -0.07203 0.1676 0.2759 ! 0.02003 -0.1065 0.4678 ! 0.05988 -0.009579 -1.145 ! 0.001066 0.2279 -1.383 ! -0.3193 0.9312 -0.369 ! -0.08931 0.2733 0.06044 ! 0 0 42.249 ! 0 0 42.249 ! 1.688 -4.686 4.128 ! 0.1436 -0.1146 0.9605 
 
For the case of natural convection with radiation interaction in rectangular enclosure 
from equation 16 the constants a, b, c and dare again same as in square enclosure 
equation 10 and their values are given in table 7.5. 
The conversion equation for aspect ratio z^³	` in equation 16 has two forms for each 
regime as given in the two equations 17 and 18 above. 
Where g1 to g4 and h1to h5which shown in figure 7.5 for the rectangular enclosure are 
correlated, a polynomial equations for each constant as a function of absolute 
temperature ratio are provided. These polynomial equations with their constants values 
are given in table 7.6. 
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Table 7.5The values of constants p1, p2 and p3 for the polynomial equations of a, b, c and 
d for the case of natural convection with radiation interaction in square enclosure equation 
49. 

, ¯, £,  =  $# + $# +  for 1.06 ≤ $# ≤ 1.238 
        

 -3.3949 8.0018 - 2.3285     
¯ -1.9309 4.3209 - 2.3285     
£ -5.4553 10.388 - 5.0057     
 -7.7874 17.59 -10.546     

, ¯, £,  = $# + $# +  
for   1.238 ≤ $# ≤ 1.852 

, ¯, £,  = $# + $# +  
for   1.852 ≤ $# ≤ 2.603 
 p p p  p p p 

 -0.8651 2.4403 -0.597 
 0.0041 -0.1966 1.4017 
¯ -0.09 0.2034 -0.0267 ¯ 0.013 -0.0923 0.1849 
£ 2.3423 -6.548 4.1703 £ 0.0213 0.1695 -0.6821 
 -0.6163 -1.5264 -1.5527  0.0579 -0.4227 -0.1465 
 
 
7.4 Comparison between numerical results and the derived 
correlation equations 
The comparison between the numerical result and the calculated results using the 
derived correlation equations are explained in this section and it used just to show how 
these correlation equations accurate and can fit the numerical results.  
 
7.4.1 Pure natural convection inside a square enclosure 
The comparison between the numerical results of the average Nusselt number as a 
function of absolute temperature ratio T and the calculated results using equation 2 and 
the provided polynomial equations, given in table 7.1 and discussed above for the 
square enclosure, are shown in Figure 7.6. From this Figure it can be seen that the 
numerical and the calculated curves using equation 1 with the provided polynomial 
correlation equations collapse on the top of each other. 
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Table 7.6 The values of constants p1, p2and p3 for the equations of g1, g2, g3, g4 and h1, h2, 
h3, h4, h5 for the case of natural convection with radiation interaction in rectangular 
enclosure, equations 17 and 18. 
¾, ℎ¾ =  $# + $# +   for 1.06 ≤ $# ≤ 1.238 
        
 -3.4219 7.3961 -4.7153     
 0.6825 -1.6051 0.9247     
 -2.1627 4.6805 -2.8764     
 -1.8549 4.3623 -2.5131     
ℎ -1.5538 2.8279 0.6332     
ℎ 2.9773 -7.0566 3.524     
ℎ 1.8796 -4.3844 1.7011     
ℎ 1.1286 -2.66 1.3123     
ℎ -4.6402 11.053 -4.7052     
¾, ℎ¾ = $# + $# +  
for   1.238 ≤ $# ≤ 1.852 
¾, ℎ¾ = $# + $# +  
for   1.852 ≤ $# ≤ 2.603 
        
 0.236 -0.7546 -0.1768  0.0132 -0.0964 -0.6618 
 0.1423 -0.3784 0.2283  -0.0097 0.0573 -0.0828 
 0.1809 -0.5659 0.059  -0.0026 -0.0212 -0.3447 
 -0.3866 1.0281 -0.6204  0.0264 -0.1556 0.225 
ℎ 0.3261 -0.9411 2.4859 ℎ 0.0082 0.127 1.5992 
ℎ 0.2103 -0.5952 -0.2452 ℎ -0.0217 0.1874 -0.8985 
ℎ 0.094 -0.2854 -0.6515 ℎ 0.031 -0.0758 -0.8241 
ℎ 0.0839 -0.2364 -0.0935 ℎ -0.0166 0.0995 -0.371 
ℎ -0.3616 1.0771 1.1112 ℎ -0.0722 0.1106 1.9075 
 
The calculated results of the average Nusselt number of pure natural convection in 
square enclosures using the derived correlation equation, equation 2, and its constants 
which shown in figure 7.1a and table 7.1 are found to be within an average deviation of 
2.9% and a maximum deviation of less than 7.2% compared to the numerical predicted 
results for the three different groups. 
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(a) 
 
(b) 
 
(c) 
Figure 7.6 Comparison between numerical ( ) and calculated ( ) results for the 
average Nusselt number in square enclosure. 
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7.4.2 Natural convection with radiation in square enclosure 
The identification of the parameters describing the values that define the new 
dimensionless group (Qconv/Qrad) has arisen by fitting the numerical results produced in 
chapter 5 section 5.5.The dimensionless groups controlling this system are shown in 
equation 8 and their derivation is explained in detail in sections 4.3 and 7.2 above.  
The comparison between the numerical results of the new dimensionless group 
(Qconv/Qrad) as a function of absolute temperature ratio $# and the calculated results 
using equation 8 and the provided polynomial equations, (which discussed above for the 
square enclosure), are shown in Figure 7.7. From this Figure it can be seen that the 
numerical and the calculated curves using equation 8 with the provided polynomial 
correlation equations again are seen to collapse on the top of each other. 
The calculated results of the new dimensionless group (Qconv/Qrad) using the correlation 
equation 8, and its constants which shown in figure 7.1b and table 7.3 for the three 
different groups were within an average deviation of 2.8% and a maximum deviation of 
7.3%; compared to the numerical results.  When using equation (8) to calculate 
(Qconv/Qrad) for other two sets of parameter, (different sizes and different properties) give 
an average deviation of less than 1.4% and a maximum deviation of less than 2.7%; 
compared to the numerical results.  
Also in this section (of natural convection with radiation interaction in square 
enclosure), the calculated results for the total average Nusselt number, using the derived 
correlation equations (equation 10 and the constants shown in figure 7.3 and table 7.5), 
are found to be within a maximum deviation of less than 2.8% compared to the 
numerical results. 
 
7.4.3 Pure natural convection inside rectangular enclosure 
The comparison between the numerical results of the average Nusselt number for 
each aspect ratio and the calculated results using the empirical correlation equation 4 for 
the two regimes of aspect ratio, using equations 5 and 6, are shown in figure 7.8-a and 
7.8-b. From the figure the numerical and the calculated curves collapsed together and 
the Nusselt number as a function of absolute temperature ratio is increases for all aspect 
ratios to a certain value of $# then it starts to decrease. Also from this figure itcan be 
seen that, the trend of the Nusselt number increasing as the aspect ratio decreases. This 
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is because the Nusselt number is directly proportional to the enclosure width and as the 
aspect ratio decreases which means that the enclosure width will increase this which in 
turn causes the Nusselt number to increase. 
 
(a) 
 
(b) 
 
(c) 
Figure 7.7 Comparison between numerical ( ) and calculated ( ) results of the new 
dimensionless group for different (a) Cold wall temperatures, (b) Enclosure sizes and 
(c) Gases. 
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(a) 
 
(b) 
Figure 7.8 Comparison between numerical ( ) and empirical calculated ( ) average 
Nusselt number of pure natural convection for a) first regime and b) second regime. 
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are found to be within an average deviation of 2.7% and a maximum deviation of less 
than 7.3% compared to the numerical predicted results. Also for the second regime with 
the three different groups the results were within an average deviation of 3.2% and a 
maximum deviation of 6.6%; compared to the numerical results. 
 
7.4.4 Natural convection with radiation in a rectangular enclosure 
The comparison between numerical results of the new dimensionless group for each 
aspect ratio and the calculated empirical results using Equation (12) for the two regime of 
aspect ratio and using aspect ratio conversion Equations (13) and (14) are shown in 
Figures 7.9-a and 7.9-b. From these graphs it can be seen that the numerical and the 
calculated curves using equation 12 with the derived correlation equations agreed with 
each other. 
The calculated results of the new dimensionless group (Qconv/Qrad) using Equations 
12 to 14, and their constants shown in figures 7.1b and 7.4 and tables 7.3 and 7.4 are 
given these results. For the first regime with the three different groups, compared to the 
numerical results these scales results were within an average deviation of 3.1% and a 
maximum deviation of 7.2%. Also for the second regime with the three different 
groups, compared to the numerical results, these results were within an average 
deviation of 2.9% and a maximum deviation of 7.3%.  
Additionally, the calculated results of the total Nusselt number for the rectangular 
enclosure using Equation (16) with the two aspect ratio conversion equations (17) and 
(18) for the two flow regimes , withtheir constants shown in figures 7.3 and 7.5 and 
tables 7.5 and 7.6, were within a maximum deviation of less than 7.7%, compared to the 
numerical results. 
 
7.5 Using the provided polynomial correlation equations 
The empirical solution was established using all the results for both square and 
rectangular enclosures and for the two cases of pure natural convection and natural 
convection with radiation interaction. This is combined with the results found for the 
total Nusselt number for square and rectangular enclosures. All these results were used 
to produce the polynomial equations for the constants of the derived correlation 
equations.  
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(a) 
 
 
(b) 
 
Figure 7.9 Comparison between numerical ( ) and empirical calculated results 
( ) of natural convection with radiation interaction for a) the first regime and b) 
the second regime. 
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The production of these correlation equations is explained in detail in earlier 
sections. Also the produced polynomial equations for the correlation equations 
constants are discussed in detail in the above sections. In this section the use of the 
provided polynomial and correlation equations together to find out the flow parameters 
will be discussed. 
 
There are two methods to determine the flow parameters in the square and 
rectangular enclosures for the two cases of study, pure natural convection and natural 
convection with radiation interaction, which are described below: 
 
1. The direct solution when the hot and cold wall temperatures are given. This is 
able to ascertain the heat transfer rate by looking up the parameters and 
producing a result. 
2. The indirect (iterative) solution when only one wall temperature given along 
with the heat transfer rate. This will allow the temperature of the other wall to 
be found. 
For the first method, when the hot and cold wall temperatures are given, all the other 
parameters can be found directly using the figures and the equations given for both 
square and rectangular enclosures. To show how this method is implemented, twelve 
examples are given for square and rectangular enclosures. The first six examples are for 
cases of pure natural convection and the other six examples are for natural convection 
with radiation interaction.  
The first example for pure natural convection in square enclosure is solved in detail 
below and the solutions for the other eleven examples follow the same steps. The final 
results for all of the six examples are summarized in tables 7.7 (pure natural convection) 
and 7.8 (natural convection with radiation interaction). 
 
Example 1: For the case of pure natural convection in square enclosure, 
Given: Argon as the working fluid, T5 = 20°C, T7 = 60°C, AR = st58st58 = 1 
Calculated: T = 1.136, G = 1.241 × 10 and P = 0.666 
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Then from table 7.1 at T = 1.136, the constants k = 0.446, a = 0.23 and b =
−0.223 
 
From these, and using Equation 2, the Nusselt number will be 60.3 with an error of less 
than 0.2% compared to the numerical results. This will give a heat transfer rate due to 
convection of 40.21W. 
The other five examples are for the case of pure natural convection in square and 
rectangular enclosures and they follow the same steps as example 1 and the calculated 
results of these examples are shown in table 7.7. The results of the other six examples 
which are for the case of natural convection with radiation interaction are shown in table 
7.8. These all show errors of less than 5% and the answers can be extracted with ease. 
 
Table 7.7 Results for examples 1 to 6 for pure natural convection using the explicit 
method. 
Given Calculated Error (%) to 
numerical  
Gas $ T7 AR cmcm T G P N% 
Argon 20°C 60°C 1.0 1.136 1.241 × 10 0.666 0.2 
Air 20°C 90°C 8.0 1.238 2.492 × 10s 0.72 1.5 
Air 20°C 370°C 0.125 2.19 6.318 × 10 0.7 1.49 
H2 20°C 170°C 1.0 1.511 2.279 × 10 0.713 1.6 
He 20°C 490°C 1.0 2.603 1.085 × 10 0.725 0.2 
Air 60°C 105°C 1.0 1.136 5.791 × 10: 0.714 4.8 
 
For the second method when only one wall temperature is given along with the total 
heat transfer between the hot and cold walls, not all the parameters can be found 
explicitly as they are all a function of temperature ratio. Therefore an iterative approach 
is needed. In this case: 
 
1. An initial absolute temperature ratio is selected. Generally, the value of 1.238 is 
a good choice as this is where the ratio of convection to radiation is a maximum. 
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2. The absolute temperature ratio will allow the unknown temperature to be 
calculated. Hence the other parameters and the associated Nusselt number can be 
calculated. 
3. This Nusselt number can be used with the given total heat transfer rate to 
calculate the new temperature value from either: 
• If the cold wall temperature is given 
 
:;<=á = >^?<@AB`CD^<` × E/F × G + :H                                                            (áI) 
 
• If the hot wall temperature is given 
 
:H<=á = :; − >(?<@AB)CD(<) × E/F × G                                                                  (ãJ) 
 
4. This new temperature value can be used to work out the new absolute 
temperature ratio and Nusselt number. Processes 3 and 4 can then be repeated 
until the error in the calculated heat transfer rate is small enough. 
KLLML =  >(?<@AB) − >(<)>(?<@AB)                                                                            (ãá) 
 
Table 7.8 Results for examples 7 to 12 for natural convection with radiation interaction 
using the explicit method. 
Given Calculated Error (%) to 
numerical  
Gas T5 T7 AR cmcm T G P NuO Q5!PQQ2R  
Argon 20°C 90°C 1.0 1.238 1.754 × 10 0.666 0.17 0.8 
Air 20°C 40°C 8.0 1.068 9.988 × 10 0.727 1.34 0.73 
Air 20°C 270°C 0.125 1.852 7.742 × 10 0.704 1.49 0.01  
H2 20°C 60°C 1.0 1.136 1.189 × 10 0.722 1.44 1.02 
He 20°C 170°C 1.0 1.511 1.986 × 10 0.731 0.12 1.17 
Air 50°C 127°C 1.0 1.238 9.135 × 10: 0.713 0.55 4.0 
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This method was initially seen to be somewhat unstable when the cold wall 
temperature given, showing a notable overshoot on each result, so an under relaxation 
factor of 0.7 was applied to the temperature difference calculated in step 3 above, that 
means equation 19 should be replaced by equation 22 below. This tends to halve the 
number of iterations needed to achieve an acceptable solution. 
 
T7S=Â = TU¥ Q^V3QWP`Nu^3` × H/L × k + T5§ −  T7SZ × 0.7[ + T7S                                              (22) 
 
To show how this method can be used, eleven examples are given for square and 
rectangular enclosures, one for the case of pure natural convection and ten for the case 
of natural convection with radiation interaction. The first six examples are for the case 
when the cold wall temperature given, equations 19 and 22 and the other five examples 
are for the case when the hot wall temperature given, using equation 20. The first 
example, for the case of natural convection with radiation interaction in a square 
enclosure, is solved in detail below: 
 
Example 13: For the case of natural convection with radiation interaction in square 
enclosure, 
Given: Air as working fluid, $ = 20°, a = 600À, ³	 = stÑstÑ = 1 
Calculated: 
First by assuming, $. = 90° = 363.1 , $# = 1.238 
Then using equation 10 and also using table 7.5, Na = 172.7 , $@@{@(a%) = 42.0% 
Iteration 1 
From the previous results and using equation 22, the new hot wall temperature can be 
found, $. = 398.6 , $# = 1.359, ∆$. = 35.49 
So from, $# = 1.359, and using equation 10, Na = 191.3, $@@{@(a) = −1.3% 
 
Then the process continued as below until an acceptable error is achieved 
Iteration 2 
From equation 22$. = 397.6 , $# = 1.356, ∆$. = −0.98 
From $# = 1.356, and using equation 10, Na = 190.8, $@@{@(QO) = −0.02% 
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Iteration 3 
From equation 22$. = 397.7 , $# = 1.356, ∆$ = −0.016 
From $# = 1.356, and using equation 10,  Na = 190.75, $@@{@(a) = 0.00027% 
Here the difference in T occurs after the third digit. 
The other ten examples follow the same steps as in example 19 and these results are 
summarized in tables 7.9, to 7.19. Figure 7.10 shows the graphical solution of example 
18 and iteration number and process. It will be seen that in all cases, two iterations are 
sufficient to provide a heat transfer rate whose error is less than the derived equations. 
Indeed in most cases, a single iteration will provide a reasonable answer. 
 
 
Figure 7.10 Graphical solution for example 18 showing the iteration number. 
 
Table 7.9 Results for example 13: a square enclosure for natural convection with 
radiation interaction, cold wall temperature supplied and using the iterative method. 
 Given: Air,  T5 = 20°C, AR = stst = 1, QO!O = 600W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of QO 
 363.16 1.238   42.0 
1 398.657 1.359 35.49 8.9 -1.3 
2 397.675 1.356 -0.98 -0.24 -0.02 
3 397.658 1.3564 -0.016 -0.004 0.0003 
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Table 7.10 Results for example 14: a square enclosure for natural convection with 
radiation interaction, cold wall temperature supplied and using the iterative method. 
 Given: Helium,  T5 = 20°C, AR = stst = 1, QO!O = 1000W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of QO 
 363.16 1.238   -57.13 
1 345.34 1.178 -17.81 8.9 -7.71 
2 342.73 1.169 -2.61 -0.76 -0.93 
3 342.4 1.168 -0.323 -0.094 -0.11 
 
 
Table 7.11 Results for example 15: a square enclosure for natural convection with 
radiation interaction, cold wall temperature supplied and using the iterative method. 
 Given: Hydrogen,  T5 = 20°C, AR = 1.0, QO!O = 2000W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of QO 
 363.16 1.238   12.76 
1 370.33 1.263 7.17 1.9 0.77 
2 370.75 1.264 0.422 0.11 0.053 
 
 
Table 7.12 Results for example 16: a rectangular enclosure with aspect ratio equal to 8 
for natural convection with radiation interaction, cold wall temperature supplied. 
 Given: Air,  T5 = 20°C, AR = st. = 8, QO!O = 600W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of QO 
 363.16 1.238   36.64 
1 391.5 1.335 28.34 7.23 -0.14 
2 391.398 1.335 -0.101 0.026 -0.0035 
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Table 7.13 Results for example 17: a rectangular enclosure with aspect ratio equal to 
0.125 for natural convection with radiation interaction, cold wall temperature supplied 
and using the iterative method. 
 Given: Air,  T5 = 20°C, AR = st:t = 0.125, QO!O = 600W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of QO 
 363.16 1.238   75.42 
1 513.52 1.751 150.36 29.28 -11.57 
2 497.518 1.697 -16.0 -3.2 -0.3 
3 497.0 1.695 -0.5 -0.1 -0.003 
 
 
Table 7.14 Results for example 18: a square enclosure for pure natural convection, cold 
wall temperature supplied and using the iterative method. 
 Given: Argon,  T5 = 20°C, AR = stst = 1, Q5 = 300W 
Iteration T7 T ∆T7 Error (%) of  T7 Error (%) of Q5 
 363.16 1.238   69.6 
1 475.37 1.621 160.3 0.23 1.05 
2 476.72 1.626 1.93 0.28 0.25 
3 477.05 1.627 0.47 0.06 0.06 
 
 
Table 7.15 Results for example 19: a square enclosure for natural convection with 
radiation interaction, hot wall temperature supplied and using the iterative method. 
 Given: Air,  T7 = 200°C, AR = stst = 1, QO = 600W 
Iteration T5 T ∆T5 Error (%) of  T5 Error (%) of QO 
 382.19 1.238   -24.0 
1 399.8 1.183 17.64 4.41 -0.7 
2 400.32 1.181 0.52 0.13 -0.02 
3 400.337 1.181 0.017 0.004 -0.0006 
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Table 7.16 Results for example 20: a square enclosure for natural convection with 
radiation interaction, hot wall temperature supplied and using the iterative method. 
 Given: Helium,  T7 = 120°C, AR = 1.0, QO = 1000W 
Iteration T5 T ∆T5 Error (%) of  T5 Error (%) of QO 
 317.57 1.238   -96.0 
1 354.6 1.108 37.03 10.44 -0.48 
2 354.79 1.108 0.18 0.052 0.011 
 
 
Table 7.17 Results for example 21: a square enclosure for natural convection with 
radiation interaction, hot wall temperature supplied and using the iterative method. 
 Given: Hydrogen,  T7 = 150°C, AR = 1.0, QO = 2500W 
Iteration T5 T ∆T5 Error (%) of  T5 Error (%) of QO 
 341.81 1.238   -7.87 
1 347.74 1.217 5.93 1.7 -0.32 
2 347.98 1.216 0.245 0.07 -0.017 
 
 
Table 7.18 Results for example 22: a rectangular enclosure with aspect ratio equal to 8 
for natural convection with radiation interaction, hot wall temperature supplied and 
using the iterative method. 
 Given: Air,  T7 = 300°C, AR = st. = 8, QO = 600W 
Iteration T5 T ∆T5 Error (%) of  T5 Error (%) of QO 
 462.97 1.238   -133.7 
1 526.025 1.09 63.05 11.9 -3.0 
2 527.406 1.08 1.38 0.26 -0.2 
3 527.52 1.086 0.11 0.02 -0.02 
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Table 7.19 Results for example 23: a rectangular enclosure with aspect ratio equal to 
0.125 for natural convection with radiation interaction, hot wall temperature supplied 
and using the iterative method. 
 Given: Air,  T7 = 300°C, AR = st:t = 0.125, QO = 600W 
Iteration T5 T ∆T5 Error (%) of  T5 Error (%) of QO 
 462.97 1.238   9.2 
1 451.672 1.268 -11.29 -2.5 0.97 
2 450.473 1.272 -1.19 -0.26 0.11 
3 450.334 1.272 -0.13 -0.03 0.012 
 
 
7.6 Summary and discussion 
The analysis method to produce the correlation equations for square and rectangular 
enclosures is provided in this chapter. Using these correlation equations the new 
dimensionless group, which is the ratio between natural convection to radiation heat 
transfer, is provided for both square and rectangular enclosures. Also using the correlation 
equations from the dimensional analysis the correlation equations for pure natural 
convection, which is the average Nusselt number, is provided for square and rectangular 
enclosures. For the case of natural convection with radiation interaction, the correlation 
equations for the total Nusselt number are provided for both square and rectangular 
enclosure. The constants, as a function of temperature ratio, of all the derived correlation 
equations are given along with these equations. These constants are correlated and a 
polynomial equations for each constant as a function of absolute temperature ratio is 
given.  
This chapter provides correlation equations for the average convection Nusselt 
number, the total Nusselt number and the new dimensionless equation for square and 
rectangular enclosures. All these equations are valid for different temperature ratios, 
different enclosure sizes, different aspect ratios and different fluid properties.  
Using these provide equations for a such conditions and for all the previous cases will 
give a results that has an average deviation error of less than 8% compared to the 
numerical results, this will be explained in more detail in the next chapter. 
 
The main conclusions from this section can be summarized as follows: 
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Correlation equations are provided to calculate the average Nusselt number as a 
function of Grashof and Prandtl numbers for the turbulent natural convection in square 
enclosure without radiation interaction. The calculated results using the correlation 
equations had an average deviation of 2.9% and a maximum deviation of less than 7.2% 
for the three different groups for the square enclosure, compared to the numerical 
results.  
The calculated results of the total Nusselt number in a square enclosure using the 
derived correlation equation were within a maximum deviation of less than 2.8% 
compared to the numerical results. 
The calculated results of the average Nusselt number in rectangular enclosures using 
the correlation equations for the first regime (which is for aspect ratio ranging from 1 to 
16) had an average deviation of 2.7% and a maximum deviation of less than 7.3% and 
for the second regime had an average deviation of 3.2% and a maximum deviation of 
6.6%. 
The correlation equation for the new dimensionless group to predict the relation 
between convection and radiation in the square enclosure had a maximum error of 2.7% 
when it used for different fluid properties and enclosure sizes and a maximum error of 
7.3% when the effect of cold wall temperature was included. 
The derived correlation equation for the new dimensionless group to predict the 
relation between convection and radiation heat transfer as a function of absolute 
temperature ratio in the rectangular enclosure had an average deviation of 3.1% and a 
maximum deviation of 7.2% for the first regime and an average deviation of 2.9% and a 
maximum deviation of 7.3% for the second regime. 
The calculated results of the total Nusselt number in the rectangular enclosure using 
the derived correlation equations for the two flow regimes were within a maximum 
deviation of less than 7.7%; compared to the numerical results. 
The use of the provided polynomial and correlation equations to find out the flow 
parameters was discussed in this chapter. There were two methods to find out the flow 
parameters in the square and rectangular enclosures for the two cases of study, pure 
natural convection and natural convection with radiation interaction, first the direct 
solution when the hot and cold wall temperatures are given and second the indirect 
(iterative) solution when only one wall temperature given along with the heat transfer 
rate.  
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More clear conclusions will be extracted when these results are compared with the 
experimental results in the next chapters. 
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CHAPTER 8  
RESULTS COMPARISON AND 
DISCUSSION 
 
8.1 Introduction 
The discussion of the individual results is included at the end of each of the relevant 
chapters. What follows is a comparison of the various experiments models and 
analytical results.  
In this chapter the numerical results (which are explained in chapter 5) and 
experimental results (which are explained in chapter 6) will be compared and discussed. 
This will include the comparison between numerical calculations and experimental data 
of the temperature and heat transfer results and also the velocity and turbulence 
intensity profiles. The results using the correlation equations for the dimensionless 
groups, explained in chapter 7, will also be compared with previous derived correlation 
equations and with the experimental results.  
 
8.2 Comparison between numerical and experimental results 
The numerical results include the calculations of the Nusselt number for the pure 
natural convection, the total Nusselt number and the relationship between heat transfer 
by convection and radiation (the new dimensionless group) in square and rectangular 
enclosures. From these results a correlation equation for convection Nusselt number and 
the new dimensionless group along with the total Nusselt number has been provided. 
These results have been explained in detail in chapter 7. The results using these 
provided equations will be compared with the previous derived correlation equations, 
the present experimental results and with the previous experimental results [57]. As the 
experimental results are 3D, a 3D numerical calculations as explained in chapter 5, were 
performed so that they could be compared better with the experimental results. These 
3D results include the thermal results (total heat transfer from hot and cold sides) and 
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the velocity and turbulence intensity profiles inside the enclosure. These results will be 
compared in this chapter using different aspect ratios, enclosure heights and hot wall 
temperatures. 
 
8.2.1 Comparison between the present and the previous correlation 
equations 
The provided correlation equation (equation (29) in chapter 2 section 2.4.3) of 
Catton[36] to calculate the convection Nusselt number in rectangular enclosure has been 
compared with the present derived correlation equation for the range of Rayleigh 
number between1.6 × 10s ≤  	
 ≤  1.8 × 10the maximum deviation was less than 
4.5%. Also the same equation of Catton [36] and the present derived correlation 
equation for the convection Nusselt number have been compared for a Rayleigh number 
ranging from1.3 × 10 ≤  	
 ≤  1.4 × 10: the maximum deviation was less than 7%. 
Also the provided correlation equation (equation (38) in chapter 2 section 2.4.3) of Trias 
et al.[46] to calculate the convection Nusselt number for a rectangular enclosure of 
aspect ratio 4 has been compared with the present derived correlation equation for a 
Rayleigh number range 1.6 × 10s ≤  	
 ≤  1.8 × 10the maximum deviation was less 
than 20%. 
More over for the case of natural convection with radiation interaction, the provided 
correlation equations (equations (40 and 41) also in chapter 2 section 2.6) of Balaji and 
Venkateshan[48]for square enclosure have been compared with the present derived 
correlation equation to calculate the total Nusselt number for a Grashof number range 
5 × 10: ≤  G@ ≤  1.2 × 10 the maximum deviation was less than 7% even the Grashof 
number range for comparison was out of Balaji and Venkateshan equation range. 
The comparison between the present derived correlation equation for the case of 
natural convection with radiation interaction in square enclosure with the provided 
correlation equation (equation (42) again in chapter 2 section 2.6) of Akiyama and 
Chong [50] for a temperature ratio 1.033 and at Rayleigh number 	
 =  3 × 10 the 
maximum deviation was less than 13%. 
Also the comparison between the provided correlation equations (equations (43 and 
44) chapter 2 section 2.6)  of Velusamy et al. [51] for the case of natural convection 
with radiation interaction in rectangular enclosure at Rayleigh number 	
 =  1.5 × 10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with the present derived correlation equation, the maximum deviation was less than 
6.5%. 
Finally the comparison between the present derived correlation equation (equation 
(21) in chapter 2 section 2.4.2) for the case of natural convection with radiation 
interaction in square enclosure has been compared with the derived correlation equation 
of Sharma et al. [4] at temperature ratio 1.14 and Rayleigh number 	
 =  7.3 × 10: the 
maximum deviation was less than 14% and for Rayleigh number 	
 =  5.2 × 10 the 
maximum deviation was less than 13.5%. 
 
8.2.2 Comparison between the derived correlation equations and the 
experimental results 
 
The 2D numerical results are explained and discussed in detail in chapter 5. From 
these results correlation equations were provided for both pure natural convection and 
natural convection with radiation in square and rectangular enclosures for a wide range 
of parameters. From these equations, the average Nusselt number can be calculated for 
both pure natural convection and natural convection with radiation and from these 
results the total heat transfer can be extracted (as explained in chapter 7). In this section 
the results using the correlation equations will be compared with the present and 
previous [57] experimental results. 
 
8.2.2.1 Comparison between the derived correlation equations and the previous 
experimental results 
The experimental results of King [57] for a rectangular enclosure of aspect ratio 5 
and four temperature ratios are compared with the present numerical results using the 
derived correlation equation. The comparison was performed using the total heat 
transfer which was calculated using the total Nusselt number. The comparison between 
these results is shown in figure 8.1 below. From this graph, it can be seen that the 
thermal results of the derived correlation equations are in fairly good agreement with 
the previous experimental results.  
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The calculated results show that the maximum deviation between these results using 
the derived correlation equations and the previous experimental results was less than 
16%. 
 
 
Figure 8.1 Comparison between the derived correlation equations and previous 
experimental results 
 
8.2.2.2 Comparison between the derived correlation equations and the present 
experimental results 
The comparison between the correlation equation results and the author’s 
experimental results were performed for three different aspect ratios 0.5, 1.0 and 2.0 and 
for a hot temperature ranging between 50°C to 75°C. The comparison between these 
results was established by calculating the total heat transfer using the correlation 
equations to find the total average Nusselt number as was explained in detail in chapter 
6. The compared results are shown in figure 8.2. From this figure it can be seen that as 
the aspect ratio increases from unity both the calculated and the experimental results 
become much closer to each other. Also from the figure it can be seen that for the three 
aspect ratios the total heat transfer increases linearly as the absolute temperature ratio 
increase.  
The calculated results using the derived correlation equations were within an average 
deviation of less than 15% for the three aspect ratios compared to the experimental 
results. 
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Figure 8.2 Comparison between calculated heat transfer and experimental results for 
aspect ratio a) 2.0, b) 1.0 and c) 0.5 
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8.2.3 Comparison between the 3D numerical calculations and the 
experimental results 
The 3D numerical calculations, as explained in chapter 5, were provided so that 
they could be compared with the experimental results for three aspect ratios and for a 
hot temperature ranging from 50°C to 75°C. The 3D numerical calculations performed 
using the same boundary conditions as the experiments. The 3D numerical results 
include the thermal results and the velocity and turbulence intensity profiles inside the 
enclosure. These results will be compared with the experimental results at different 
aspect ratios, different enclosure heights and different hot wall temperatures. 
 
8.2.3.1 Thermal results 
The thermal result comparison between the 3D numerical and experimental results 
includes the comparison of the total heat transfer from the hot side between both of 
these results. Figure 8.3 shows the comparison between these results for different aspect 
ratios and different hot wall temperatures. From this figure it can be seen that the 3D 
numerical results become closer to the experimental results as the aspect ratio 
approaches unity. Also from the figure it can be seen that the heat transfer increases as 
the aspect ratio decreases. 
Compared to the experimental results, the 3D numerical results were within an 
average deviation of less than 13% for the three aspect ratios. 
 
8.2.3.2 Velocity and turbulence intensity profiles 
The velocity and turbulence intensity profiles for numerical and experimental results 
are compared for different aspect ratios and different hot wall temperatures. The 
velocity profiles at the mid-height of the enclosure for the three aspect ratios and for 
two hot wall temperatures of 60°C and 75°C are shown in figures 8.4 to 8.9. The 
comparisons of the results of the velocity profiles for the other hot wall temperatures 
(50°C, 55°C, 65°C and 70°C) are shown in appendix C. From the figures 8.4 to 8.9 it 
can be seen that, at the hot side, the velocity profiles for numerical and experimental 
results are in good agreement with each other. This agreement becomes better as the 
aspect ratio decreases or the temperature of the hot wall increases.  
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(a) 
 
(b) 
 
(c) 
Figure 8.3 Comparison between 3D thermal results and experimental results for 
aspect ratio a) 2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure 8.4 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 60 °C a) between the two walls 
b) near the hot side c) near the cold side. 
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(a) 
 
(b) 
 
(c) 
Figure 8.5 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 75 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure 8.6 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 60 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure 8.7 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 75 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure 8.8 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 60 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure 8.9 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 75 °C a) between the two walls 
b) near the hot side c) near the cold side 
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Also from the graphs it can be seen that the velocity profiles at the enclosure core for 
the three aspect ratios are in good agreement between the numerical and experimental 
results. Moreover, from these figures, the boundary layer thickness of the experimental 
results on the hot side is smaller than the boundary layer of the numerical results and 
this difference decreases as the aspect ratio decreases.  
These figures show that the velocity profiles and the boundary layer thickness on the 
cold side for the numerical results are different to that from the experimental results. 
The velocity values of the experimental results on the cold side are less than the 
numerical results. Also the boundary layer thickness of the experimental results can be 
seen to be less than that of the numerical results. Also from the graphs, it can be seen 
that, as the aspect ratio decreases the velocity profiles on the cold side start fluctuating.  
This fluctuation can be seen in figures 8.6 to 8.9 where it started at the aspect ratio of 
1.0 and increases as the aspect ratio decreases.  
The velocity reversals were noticed at about 65% of the enclosure height and 
upward, this is compared to Schmidt and Wang [66] who observed the same type of 
reversed flow at about 60% from the upstream flow of the wall and also the reversed 
flow was seen at 70% by Giel and Schmidt [67]. The trend of the velocity profiles were 
similar to that of King [57] and Ziai[44], where the velocity starts to increase from 
minimum at the hot wall until reach its peak value then it decreases to zero at the cavity 
core. 
The velocity profiles along the vertical axis and near to the hot side of the 
experimental results are compared with the numerical results at a position of the 
maximum velocity. The comparison of the velocity profiles between numerical and 
experimental results for the three aspect ratios and for two hot wall temperatures 70°C 
and 75°C are shown in figures 8.10 and 811. From these figures it can be seen that the 
maximum velocity occurs near the mid-height of the enclosure, where the velocity starts 
to increase from the lower edge of the enclosure until reaches its maximum value near 
the enclosure mid-height where it starts to decrease again. Also from these figures it can 
be seen that the velocity values at the lower part of the enclosure are smaller than that at 
the upper part for experimental and numerical results. The experimental velocity 
profiles for aspect ratio 2.0 results display the same trends as the numerical results and 
their values become closer to each other as the flows approach the top edge of the 
enclosure. This can be seen by comparing figures 8.10a and 8.11a. Moreover from these 
plots it can be seen that the velocity values for the experimental results increases more 
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than the numerical results with the decrease of the aspect ratio. Furthermore the velocity 
profile, at the top edge of the enclosure, for the experimental results (compared to the 
numerical results) becomes almost flat (and have similar values to that at the mid-
height) as the aspect ratio decreases. This is due to the fact that decreasing the aspect 
ratio will increase both the Rayleigh number and the enclosure width, where the former 
will increase the velocity values and the later will decrease the effects coming from the 
core and the other side on the velocity. 
The comparison of the turbulence intensity profiles between numerical and 
experimental results and for the three aspect ratios and for the hot wall temperatures 
60°C and 75°C are shown in figures 8.12 and 8.13.  The comparison between the 
numerical and experimental results for the other hot wall temperatures (50°C, 55°C, 
65°C and 70°C) will again be shown in appendix C. From the figures it can be seen that 
the experimental turbulence intensities for the three aspect ratios are in a fairly 
agreement with the numerical ones.  
The turbulent intensity of the experimental results for the aspect ratio 2.0 is seen to 
have big difference comparing to the numerical results very close to the wall, then this 
difference reduces as is get away from the wall, this can be seen clearly in both figures 
8.12a and 8.13a. On the other hand the turbulent intensity of the experimental results for 
both aspect ratios 1.0 and 0.5 is seen to be very close to the numerical turbulent 
intensity near the wall and this difference increases as it get away from the wall, this can 
be seen from both figures 8.12 and 8.13. 
 
8.3 Summary and Conclusions 
The numerical and experimental results are compared in this chapter. This 
comparison includes the thermal results and the velocity and turbulence intensity 
profiles. The main conclusions from this chapter can be summarized as follows: 
The comparison between the present derived correlation equations and the previous 
correlation equations for natural convection with and without radiation interaction were 
in a good agreement.  
The thermal results of the derived correlation equations are in a good agreement with 
the previous experimental results. The calculated results show that the maximum 
deviation between these two results was less than 16%. 
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(a) 
 
(b) 
 
(c) 
Figure 8.10 Velocity profiles at x = 4mm near the hot wall side at 70°C and for 
aspect ratio a) 2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure 8.11 Velocity profiles at x = 4mm near the hot wall side at 75°C and for 
aspect ratio a) 2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure 8.12 Turbulence profiles near the hot wall side for 60°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure 8.13 Turbulence profiles near the hot wall side for 75°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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The calculated results using the derived correlation equations and the experimental 
results become closer to each other as the aspect ratio increases. Also the total heat 
transfer increases linearly as the absolute temperature ratio increases. The calculated 
results using the derived correlation equations were within an average deviation of less 
than 15% for the three aspect ratios compared to the experimental results. 
The 3D numerical results become closer to the experimental results as the aspect 
ratio getting closer to unity. Also the total heat transfer increases as the aspect ratio 
decreases. The comparison between the experimental results and the 3D numerical 
results were within an average deviation of less than 13% for the three aspect ratios. 
 
The velocity profiles at the hot wall side for numerical and experimental results are 
in good agreement with each other. This agreement becomes clearer as the aspect ratio 
decreases or the temperature of the hot wall increases. The velocity profiles at the 
enclosure core for the three aspect ratios shown a good agreement between the 
numerical and experimental results. The boundary layer thickness of the experimental 
results on the hot side is smaller than the boundary layer of the numerical results and 
this difference decreases as the aspect ratio decrease.  
The velocity values and the boundary layer thickness of the experimental results on 
the cold side is less than that of the numerical results.  Also as the aspect ratio decreases 
the velocity profiles on the cold side start fluctuating.  
The velocity reversals were noticed for about 65% of the enclosure height and above. 
Comparing the velocity profiles along the vertical axis and near the hot side of the 
experimental and numerical results show that the maximum velocity occurring near the 
mid-height of the enclosure. The velocity values for the experimental results increases 
more than the numerical results as the aspect ratio decreases.  
The experimental turbulence intensities for the three aspect ratios are in a fairly 
agreement with the numerical ones especially for the aspect ratio of 2.0 a bit far from 
the wall and for aspect ratios 1.0 and 0.5 very close to the wall. 
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CHAPTER 9  
FINAL FINDINGS AND FUTURE 
WORK 
 
9.1 Final conclusions 
The problem of natural convection with and without the interaction of surface 
radiation in square and rectangular enclosures has been studied, numerically and 
theoretically. The analyses were carried out over a wide range of parameters.  
A dimensional analysis was established to produce correlation equations controlling the 
flow inside square and rectangular enclosures for pure natural convection and natural 
convection with radiation. All these equations are valid for a different temperature ratio, 
different enclosure size, different aspect ratio and different fluid properties. 
Experimental study was performed for square and rectangular enclosures. The testing 
process involves the use of the laser Doppler velocimetry to collect the velocity and 
turbulent profiles. 
 
The main conclusions from this study can be summarized as follows: 
The ratio between convection to radiation heat transfer as a function of absolute 
temperature ratio decreases slightly as the aspect ratio increases from unity and it 
increases dramatically as the aspect ratio decreases from unity. 
The ratio between the convection and radiation heat transfer is increased by increasing 
the absolute temperature ratio up to a absolute temperature ratio of 1.2; then this ratio 
starts to decrease. It was shown that the ratio between Rayleigh number and Nusselt 
number follows a similar trend.  
The 3D numerical calculations show that the total heat transfer increases as the 
temperature of the hot wall increase. The thermal results show that the total heat transfer 
increases as the absolute temperature ratio increases.  
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The collected results using the LDV system show that the velocity starts to increase to 
its maximum value after a certain distance from the wall then it starts to decrease to 
minimum. The boundary layer thickness increases as the enclosure height or the 
temperature increase in all aspect ratios. The velocity values and the boundary layer 
thickness decreases as the aspect ratio increase. The boundary layer thickness near the 
hot wall side increases as the enclosure height increase. The velocity values and the 
boundary layer thickness increases as the temperature increases. The collected data for 
the velocity along the vertical axis show that the maximum velocity occurs near the mid 
height of the enclosure. The turbulence intensity across the enclosure increases as the 
aspect ratio increase and it decreases slightly as the temperature increase. The maximum 
turbulence intensity along the vertical axis and at the maximum velocity values occurs 
near the two corners of the enclosure. The turbulence intensity values increases as the 
aspect ratio increase. 
Correlation equations have been provided for the case of natural convection with and 
without radiation in square and rectangular enclosures. These correlation equations are as 
follows: 
• The Nusselt number for pure natural convection in square enclosure 
N% = G@Âc@Â  
• The Nusselt number for pure natural convection in rectangular enclosure       
N% = G@Âc@Â ∗ z^³	` 
• For the first regime (aspect ratio from 1 to 16) 
z^³	` = ³	] + 
2nÉV)YL + 
4 
• For the second regime (aspect ratio from 1 to 0.0625)  
z^³	` = ¯1 ³	] + ¯3nÉV)*\ + ¯5 
• The new dimensionless group for natural convection with radiation in square 
enclosure  
 "#! = G@CN%aCc@C 
• The total Nusselt number for natural convection with radiation in square 
enclosure  
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N%a = 
 G@

c@cd! 
• The new dimensionless group for natural convection with radiation in 
rectangular enclosure 
	 =  "#! = G@CN%aCc@C ∗ z^³	` 
• For the first regime (aspect ratio from 1 to 16)               
z^³	` = ³	] + £2nÉV)PL + £4 
• For the second regime (aspect ratio from 1 to 0.0625)  
z^³	` = 1 ³	]! + 3nÉV)T\ + 5 
• The total Nusselt number for natural convection with radiation in rectangular 
enclosure  
N%a = 
 G@c@cd! ∗ z^³	` 
• For the first regime (aspect ratio from 1 to 16)  
z^³	` = ³	I + 2nÉV+L + 4 
• For the second regime (aspect ratio from 1 to 0.0625)  
z^³	` = ℎ1 ³	. + ℎ3nÉVi\ + ℎ5 
 
The calculated results using the correlation equations for pure natural convection had 
an average deviation of 2.9% and a maximum deviation of less than 7.2% for the square 
enclosure, compared to the numerical results.  
The calculated results of the total Nusselt number in a square enclosure using the 
derived correlation equation were within a maximum deviation of less than 2.8% 
compared to the numerical results. 
The calculated results of the average convection Nusselt number in rectangular 
enclosures using the correlation equations for the first regime (which is for aspect ratio 
ranging from 1 to 16) had an average deviation of 2.7% and a maximum deviation of 
less than 7.3% and for the second regime had an average deviation of 3.2% and a 
maximum deviation of 6.6%. 
The correlation equation for the new dimensionless group to predict the relation 
between convection and radiation in the square enclosure had a maximum error of 2.7% 
when it used for different fluid properties and enclosure sizes and a maximum error of 
7.3% when the effect of cold wall temperature was included. 
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The derived correlation equation for the new dimensionless group as a function of 
absolute temperature ratio in the rectangular enclosure had an average deviation of 3.1% 
and a maximum deviation of 7.2% for the first regime and an average deviation of 2.9% 
and a maximum deviation of 7.3% for the second regime. 
The calculated results of the total Nusselt number in the rectangular enclosure using 
the derived correlation equations for the two flow regimes were within a maximum 
deviation of less than 7.7%; compared to the numerical results. 
There were two methods to find out the flow parameters in the square and 
rectangular enclosures for the two cases of study, pure natural convection and natural 
convection with radiation interaction, first the direct solution when the hot and cold wall 
temperatures are given and second the indirect (iterative) solution when only one wall 
temperature given along with the heat transfer rate.  
The thermal results of the derived correlation equations are in a good agreement with 
the previous experimental results. The calculated results show that the maximum 
deviation between these two results was less than 16%. 
The calculated results using the derived correlation equations were within an average 
deviation of less than 15% for the three aspect ratios compared to the experimental 
results. 
The comparison between the thermal experimental results and the 3D numerical 
results were within an average deviation of less than 13% for the three aspect ratios. 
The velocity profiles at the hot wall side for numerical and experimental results are 
in well agreement with each other. This agreement becomes clearer as the aspect ratio 
decrease or the temperature of the hot wall increase.  
The velocity profiles for the 3D numerical results and at the enclosure core for the 
three aspect ratios are in a well agreement between the numerical and experimental 
results.  
The velocity values and the boundary layer thickness of the experimental results on 
the cold side is less than that of the numerical results.  Also as the aspect ratio decreases 
the velocity profiles for the experimental results on the cold side start fluctuating.  
The velocity reversals were noticed for about 65% of the enclosure height and 
upward. The velocity profiles along the vertical axis and near the hot side of the 
experimental and numerical results show that the maximum velocity occurring near the 
mid-height of the enclosure.  
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The experimental turbulence intensities for the three aspect ratios are in a fairly 
agreement with the numerical ones especially for the aspect ratio of 2.0 a bit far from 
the wall and for aspect ratios 1.0 and 0.5 very close to the wall. 
 
It is hoped that the results of this study will usefully contribute to the literature in this 
field and enhance the understanding of the natural convection with radiation interaction 
in rectangular enclosures. Also this will be a useful technique, as, by using the results it 
is possible to generalise the heat transfer in square and rectangular cavities filled with 
ideal gases. 
 
9.2 Future work 
The current study has produced some correlation equations including the new 
dimensionless group based on the dimensional analysis inside cavities. These 
correlation equations are used to find the heat transfer parameters of the natural 
convection with and without radiation inside rectangular enclosures. 
In order to extend the use of these derived correlation equations and understand the 
flow inside enclosures, there are some other parameters need to be studied. Following is 
a list of recommendations to extend this study: 
• Study the effect of the other parameters on these correlations, such as the 
effect of surface emissivity and roughness. 
• Experimentally study more deeply the turbulence parameters using the LDV 
and compare them with the numerical results. 
• Study the effect of the enclosure edge and width on the flow inside the cavity. 
• Study the effect of natural convection with radiation interaction for the 
enclosures heated from below. Produce correlation equations for the 
enclosures heated from below. 
• Study the effect of natural convection with radiation interaction for inclined 
enclosures. Produce correlation equations for the inclined enclosures. 
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Appendix-A 
A.1. Using the Pi theorem for the case of natural convection 
heat transfer. 
 
£ = z(, /, 0, , , 3, ∆$, $, ` 
The parameters units will be as below: £  / 0   ∆$ $  3 $9  ]9 ]9$9 9$99 ]99    $99 
 
The number of parameter,   = 10, and the number of dimensions are five, therefore ^ ≤ 5. From this the number of dimensionless groups will be  =  − ^ = 10 − 5 = 5 
The number of Ø¦′¤ which are the dimensionless groups will be ^£, , , $, 3` Ø1 = ∆$/0!»£ 
From this equation and the table above then: 
For vxn + 1 = 0 therefore n = −1 
For vx
 − n = 0 therefore 
 = n = −1 
For vx¯ − 3£ −  − n = 0 
For v]x£ +  = 0 therefore £ = − 
For v$x −  − n − 1 = 0 therefore  = 0 and £ = 0 and ¯ = n = −1 
Therefore  
Ø1 = £∆$ = N%£ 
The second dimensionless group Ø2 = ∆$/0!» 
From this equation and the table above then: 
For vxn + 1 = 0 therefore n = −1 
For vx
 − n − 1 = 0 therefore 
 = 0 
For vx¯ − 3£ −  − n = 0 
For v]x£ +  − 1 = 0 
For v$x −  − n = 0 therefore = 1 and £ = 0 and ¯ = 0 
Therefore  
Ø2 = 0 = c@ 
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The third dimensionless group 
Ø3 = ∆$/0!»3 
From this equation and the table above then: 
For vxn = 0 
For vx
 − n − 1 = 0 therefore 
 = 1 
For vx¯ − 3£ −  − n + 1 = 0 
For v]x£ +  = 0 
For v$x −  − n − 2 = 0 therefore  = −2 and £ = 2 and ¯ = 3 
Therefore  
Ø3 = 3∆$/0 = G@ 
 
The forth dimensionless group Ø4 = ∆$/0!» 
From this equation and the table above then: 
For vxn = 0 
For vx
 − n = 0 therefore 
 = 0 
For vx¯ − 3£ −  − n + 1 = 0 
For v]x£ +  = 0 
For v$x −  − n = 0 therefore  = 0 and £ = 0 and ¯ = −1 
Therefore  
Ø4 =  = ³	 
The fifth dimensionless group Ø5 = ∆$/0!»$ 
From this equation and the table above then: 
For vxn = 0 
For vx
 − n + 1 = 0 therefore 
 = −1 
For vx¯ − 3£ −  − n = 0 
For v]x£ +  = 0 
For v$x −  − n = 0 therefore  = 0 and £ = 0 and ¯ = 0 
Therefore  
Ø5 = $∆$ = $@ 
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Note: if the T1 and T2 added instead of T to the table of parameters, then the fifth 
dimensionless group will be: 
Ø5 = $$ = $@ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
218 
 
A.2. Velocity profiles for numerical results at hot wall 
temperatures 50°C, 55°C, 65°C and 70°C. 
 
(a) 
 
(b) 
 
(c 
Figure A-1 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure A-2 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c 
Figure A-3 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c 
Figure A-4 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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A.3. Turbulence intensityfor numerical results at hot wall 
temperatures 50°C, 55°C, 65°C and 70°C. 
 
(a) 
 
 
(b) 
 
(c) 
Figure A-5 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and b) 0.5 
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(b) 
 
(c) 
Figure A-6 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and b) 0.5 
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(c) 
Figure A-7 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and b) 0.5 
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(c) 
Figure A-8 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and b) 0.5 
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Appendix-B 
 
B.1 Calibration certificate of the reference thermometer. 
 
Figure B-1 Calibration certificate of the reference thermometer. 
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B.2. Calibration of thermocouples 
All the thermocouples for the hot and cold sides were calibrated using an electronic 
reference thermometer which has a resolution of 0.01°C. This reference thermometer 
has been calibrated by the manufacturer using five reference points comes out with an 
uncertainty of measurement equal to ±0.05, the calibration certificate of this reference 
thermometer is included in appendix B. All the twelve thermocouples used for this work 
were calibrated using this reference thermometer at three reference points: 0°C, ambient 
temperature which was around 23°C and 40°C using a heater with a magnetic stirring 
device to keep the temperature constant. All the readings of the thermocouples had an 
error of ±0.2°C. 
 
All the thermocouples calibration tests for each cold and hot side are shown in the tables 
below: 
 
Table B.1Cold side for air temperature at about (23°C) 
 
Ref 
(Temp) 
Time 
(s) 
TC-OUT-1 
Diff. 
TC-OUT-2 
Diff. 
TC-OUT-3 
Diff. 
TC-IN-1 
Diff. 
TC-IN-2 
Diff. 
TC-IN-3 
Diff. 
23.26 450 0.58 0.17 0.31 -0.34 0.24 0.57 
23.24 160 0.59 0.17 0.31 -0.30 0.23 0.56 
23.205 120 0.63 0.19 0.30 -0.28 0.24 0.56 
Average  +0.6 +0.18 +0.31 -0.31 +0.24 +0.56 
 
Table B.2 Cold side for 40°C temperature 
Ref 
(Temp) 
Time 
(s) 
TC-OUT-1 
Diff. 
TC-OUT-2 
Diff. 
TC-OUT-3 
Diff. 
TC-IN-1 
Diff. 
TC-IN-2 
Diff. 
TC-IN-3 
Diff. 
40.125 130 0.41 0.26 0.21 0.04 0.13 0.37 
40.09 230 0.42 0.27 0.22 0.05 0.13 0.37 
39.86 190 0.42 0.27 0.22 0.05 0.15 0.36 
  +0.42 +0.27 +0.22 +0.05 +0.14 +0.37 
 
Table B.3 Cold side for 0.0°C temperature 
 
Ref 
(Temp) 
Time 
(s) 
TC-OUT-1 
Diff. 
TC-OUT-2 
Diff. 
TC-OUT-3 
Diff. 
TC-IN-1 
Diff. 
TC-IN-2 
Diff. 
TC-IN-3 
Diff. 
0.28 120 0.47 0.33 0.18 -0.14 0.15 0.43 
0.25 1000 0.47 0.36 0.23 -0.08 0.14 0.40 
0.28 320 0.46 0.35 0.22 -0.08 0.12 0.37 
  +0.47 +0.36 +0.23 -0.08 +0.14 +0.4 
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Table B.4 Average values 
Average values for the three temperatures at 0°C, 23°C and 40°C 
TC-OUT-1 TC-OUT-2 TC-OUT-3 TC-IN-1 TC-IN-2 TC-IN-3 
+0.5 +0.27 +0.25 -0.11 +0.17 +0.44 
 
Therefore as it can be seen from the tables above and the average value of the 
thermocouples readings, all the thermocouples have an uncertainty of ±0.2°C.   
 
Table B.5 Hot side for air temperature at about (23°C) 
 
Ref 
(Temp) 
Time 
(s) 
TH-OUT-1 
Diff. 
TH-OUT-2 
Diff. 
TH-IN-1 
Diff. 
TH-IN-2 
Diff. 
TH-IN-3 
Diff. 
TH-OUT-3 
Diff. 
23.26 450 0.26 0.58 0.12 -0.55 -0.02 0.20 
23.24 160 0.23 0.46 0.17 -0.49 -0.11 0.16 
23.205 120 0.24 0.27 0.44 -0.56 -0.12 0.16 
  +0.24 +0.52 +0.14 -0.52 -0.09 +0.18 
 
Table B.6 Hot side for 40°C temperature 
 
Ref 
(Temp) 
Time 
(s) 
TH-OUT-1 
Diff. 
TH-OUT-2 
Diff. 
TH-IN-1 
Diff. 
TH-IN-2 
Diff. 
TH-IN-3 
Diff. 
TH-OUT-3 
Diff. 
40.125 130 0.44 0.36 0.16 -0.21 0.02 0.16 
40.09 230 0.44 0.37 0.17 -0.21 0.02 0.16 
39.86 190 0.44 0.36 0.17 -0.21 0.02 0.15 
  +0.44 +0.36 +0.17 -0.21 +0.02 +0.16 
 
Table B.7 Hot side for about 0.0°C temperature 
 
Ref 
(Temp) 
Time 
(s) 
TH-OUT-1 
Diff. 
TH-OUT-2 
Diff. 
TH-IN-1 
Diff. 
TH-IN-2 
Diff. 
TH-IN-3 
Diff. 
TH-OUT-3 
Diff. 
0.28 120 0.61 0.43 -0.02 -0.33 0.21 0.50 
0.25 1000 0.59 0.45 0.02 -0.28 0.22 0.44 
0.28 320 0.57 0.43 0.02 -0.28 0.20 0.41 
  +0.59 +0.44 +0.02 -0.3 +0.21 +0.45 
 
Table B.8 Average values 
Average values for the three temperatures at 0°C, 23°C and 40°C 
TH-OUT-1 TH-OUT-2 TH-IN-1 TH-IN-2 TH-IN-3 TH-OUT-3 
+0.42 +0.44 +0.11 -0.34 -0.03 +0.26 
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Therefore as it can be seen from the tables above and the average value of the 
thermocouples readings, all the thermocouples have an uncertainty of ±0.2°C.   
 
B.3. Calibration of the rotameter for the hot wall side. 
The rotameter is a glass tube graded from zero to 30cm, and these values are 
corresponding to a volumetric flow rates from zero to 1.2 L/min respectively, where the 
polynomial equation to calculate the volumetric flow rate was provided based on the 
data from the rotameter test as shown in table B.9 below. This data in the table 
produced using the calibration of the rotameter by recording the time using stop watch 
and weighing the water using a digital scale for the whole rotameter measuring range.  
 
Table B.9 
Test 
number 
Tube scale 
measure(cm) 
Weight (g) Time (s) Volumetric flow 
rate (l/min) 
1 1.1 1168.6 407 0.172 
2 7.1 1795.7 313 0.344 
3 12.2 1980 226 0.526 
4 17.45 2261.2 208 0.652 
5 22.6 3246.9 230 0.847 
6 30 4276.8 230 1.116 
 
From the data provided in table B.9 the polynomial equation to calculate the volume 
flow rate for this rotameter has been produced as below: 
 
.. = 1.628 × 109Q!  + 2.738 × 109Q! + 0.1448    
 
The uncertainty of this flow meter will be equal to the minimum scale reading divided 
by two, which will be equal to about ±0.02 l/min. 
 
B.4. Calibration of Rotameter for the cold side. 
 
For the rotameter of the cold side it has been tested using the same procedure above for 
the hot side and the results are as follows: 
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Table B.10 
Test 
number 
Tube scale 
measure(cm) 
Weight (g) Time (s) Volumetric flow 
rate (l/min) 
1 2.4 1168.6 407 0.172 
2 6.9 1795.7 313 0.344 
3 11 1980 226 0.526 
4 14.65 2261.2 208 0.652 
5 17.6 3246.9 230 0.847 
6 23.1 4276.8 230 1.116 
 
From the data provided in table B.10 the polynomial equation to calculate the volume 
flow rate for this rotameter has been produced as below: 
 
. = 4.975 × 109Q!  + 3.297 × 109Q! + 0.0916  
 
The uncertainty of this flow meter will be again equal to the minimum scale reading 
divided by two, which will be equal to about ±0.02 l/min. 
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B.5. Velocity profiles for experimental results at hot wall 
temperatures 50°C, 55°C, 65°C and 70°C. 
 
(a) 
 
(b) 
 
(c 
Figure B-2 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-3 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-4 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-5 Velocity profiles for aspect ratios a) 2.0, b) 1.0 and b) 0.5. 
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B.6. Turbulence intensity profiles for experimental results at hot 
wall temperatures 50°C, 55°C, 65°C and 70°C. 
 
(a) 
 
(b) 
 
(c) 
Figure B-6 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and c) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-7 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and c) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-8 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and c) 0.5. 
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(a) 
 
(b) 
 
(c) 
Figure B-9 Turbulent intensity profiles for aspect ratio a) 2.0, b) 1.0 and c) 0.5. 
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Appendix-C 
 
C.1 Comparison of velocity profiles between experimental and 
numerical results for aspect ratio 2.0. 
 
(a) 
 
(b) 
 
(c 
Figure C-1 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 50 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
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(c 
Figure C-2 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 55 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure C-3 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 65 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
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(c 
Figure C-4 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 2.0 and hot wall temperature 70 °C a) between the two walls 
b) near the hot side c) near the cold side 
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C.2 Comparison of velocity profiles between experimental and 
numerical results for aspect ratio 1.0. 
 
(a) 
 
(b) 
 
(c) 
Figure C-5 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 50 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure C-6 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 55°C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
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(c) 
Figure C-7 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 65 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
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(c) 
Figure C-8 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 1.0 and hot wall temperature 70 °C a) between the two walls 
b) near the hot side c) near the cold side 
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C.3 Comparison of velocity profiles between experimental and 
numerical results for aspect ratio 0.5. 
 
(a) 
 
(b) 
 
(c) 
Figure C-9 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 50 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
 
(b) 
 
(c) 
Figure C-10 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 55 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure C-11 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 65 °C a) between the two walls 
b) near the hot side c) near the cold side 
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(a) 
 
(b) 
 
(c) 
Figure C-12 Comparison of velocity profiles between experimental and numerical 
results for aspect ratio 0.5 and hot wall temperature 70 °C a) between the two walls 
b) near the hot side c) near the cold side. 
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C.4 Comparison of turbulence intensity between experimental 
and numerical results near the hot wall side 
 
(a) 
 
(b) 
 
(c) 
Figure C-13 Turbulence intensity near the hot wall side for 50°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure C-14 Turbulence intensity near the hot wall side for 55°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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(a) 
 
(b) 
 
(c) 
Figure C-15 Turbulence intensity near the hot wall side for 65°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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(c) 
Figure C-16 Turbulence intensity near the hot wall side for 70°C and aspect ratio a) 
2.0, b) 1.0 and c) 0.5 
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